
Chapter 5

Charged Particle Identification
System

5.1 Introduction

Charged particle identification is an absolute requirement for a modern experiment designed
to study the decays of b and c quarks. The forward geometry is well suited for a Ring
Imaging Cherenkov detector (RICH), that provides powerful particle ID capabilities over
a broad range of momentum. Even with the excellent mass resolution of BTeV, there are
kinematic regions where signals from one final state will overlap those of another final state.
For example, Bs → DsK

− signal must be distinguished from Bs → Dsπ
− background in

order to measure the CKM phase γ. These ambiguities can be eliminated almost entirely
by an effective particle identifier. In addition, many physics investigations involving neutral
B-mesons require “tagging” of the flavor of the signal particle by examining the properties
of the “away-side.” Our studies show that kaon tagging is a very effective means of doing
this. “Same-side” kaon tagging is also very effective for Bs mesons.

The RICH detector is located downstream of a 1.6T dipole magnet surrounding the
interaction region. It consists of two independent systems. The main system has a 3 m
long C4F8O gas volume. Charged particles radiate Cherenkov light in this medium. The
light is focused with a segmented mirror onto an array of photodetectors sensitive to light
between 280 – 600 nm. These photodetectors can either be multi-anode photomultiplier tubes
(MAPMT) or hybrid photodiodes (HPD). The MAMPT is a square device approximately
1” on a side with 16 channels, while the HPD is circular in cross-section with a diameter of
about 6.8”. All costing is done assuming MAPMTs that have recently been upgraded. HPDs
provide a competitive alternative. Both systems yield about the same number of Cherenkov
photons, but currently the MAPMTs are less expensive due to changes in the exchange rates
over the last year, and are easier to operate. Therefore we have adopted the MAPMT based
system for our baseline.

The second system, used mainly for separating kaons and protons below 10 GeV/c,
consists of a liquid C5F12 radiator, approximately 1 cm thick, placed in front of the gas
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volume. Cherenkov photons generated in this medium exit the sides of the gas tank and
are detected in an array of 3” diameter photomultiplier tubes. The liquid is contained by
the front face of the RICH tank and a 3 mm thick quartz window. There is a 40 cm2 hole
around the beam pipe to avoid radiation from fast particles.

5.2 Requirements

5.2.1 Physics Requirements

The following requirements describe the RICH detector performance goals dictated by the
physics goals of BTeV. The momentum range over which excellent hadron identification is
required is between 3 and 70 GeV/c. The low momentum hadron identification optimizes
flavor tagging, whereas the high momentum range will enable us to separate π’s and K’s from
two body B-meson decays. Excellent identification should be provided in the full BTeV solid
angle (10-300 mrad). Besides providing excellent hadron identification, the RICH detector
is also an integral part of the lepton identification system in the solid angle between 200 and
300 mrad. It is the only detector element available to distinguish e, µ and hadron species,
as the muon detector and the electromagnetic calorimeter have smaller solid angle coverage.

5.2.1.1 Cherenkov Angular Resolution per Track

The separation of charged hadrons into different species will be accomplished in the data
analysis by characterizing each charged track with a set of probabilities for being an electron,
muon, pion, kaon, or proton. From a knowledge of the distribution of Cherenkov angular
resolutions per track such probabilities can be derived.

It has proven useful to specify RICH detectors by their average Cherenkov resolution per
track, and we shall do so here. For example, the difference in emission angle of Cherenkov
photons from pions and kaons at 70 GeV/c (the upper range for which we require excellent
particle identification performance) is 0.44 mrad, so achieving a resolution per track of 0.11
mrad would give a separation of 4 standard deviations. Separation improves dramatically
as momentum decreases. Furthermore, the average Cherenkov resolution per track can be
understood in terms of the average Cherenkov resolution per photon and the number of
photons. A separation of at least 4σ for π, K and p in the momentum range of 3-70 GeV/c
(or from their Cherenkov photon threshold to 70 GeV/c) is required.

• Requirements for Gaseous RICH

– Average Cherenkov Resolution per Track: The average Cherenkov angle
resolution per track shall be better than 0.12 mrad. This requirement may be
met with with the following set of parameters:

∗ The distribution of Cherenkov photons about the correct Cherenkov angle
should have an r.m.s. deviation of no more than 0.85 mrad.
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∗ The number of Cherenkov photons per track should average at least 50 for
tracks in the plateau region.

• Requirements for Liquid RICH

– Average Cherenkov Resolution per Track: The average Cherenkov angle
resolution per track shall be better than 1.9 mrad. This requirement may be met
with the following set of parameters:

∗ The distribution of Cherenkov photons about the correct Cherenkov angle
should have an r.m.s. deviation of no more than 6.5 mrad.

∗ The number of Cherenkov photons per track should average at least 12 in the
plateau region.

5.2.2 Radiation hardness

The highest radiation in the RICH detector occurs at the entrance and exit windows. Fortu-
nately these are not active components. The MAPMT array is shielded by the magnet and
only ∼20% of the photomultiplier tubes in the liquid system see any significant radiation.
These are in a narrow cone at the top and bottom of the detector where the magnetic field
sweeps slower charged particles. The window containing the liquid is made of quartz, a
radiation hard material and doesn’t exist in the highest radiation area due to the hole near
the beam.

5.2.3 Geometrical Requirements

• Size of RICH Detector: The RICH detector must subtend at least ±300 mrad both
horizontally and vertically with respect to the beam axis.

• Alignment: The RICH system must be mechanically stable. The mirrors must be
aligned so the aberration does not degrade the resolution. Furthermore, the MAPMT
position with respect to the mirror focus must be determined to better than 1/10 of
the MAPMT pixel width.

• Thickness: The RICH detector must be of minimal material thickness. The total
number of radiation lengths allowed less than 20% of a radiation length.

5.2.4 Mirror Requirements

The RICH-mirror system should be designed so that its effect on the total Cherenkov angle
resolution per track is not significantly increased for reasons stated in Section 5.2.1. The
mirror system consists of segmented mirrors put together to form two big mirrors, each one
having a mean radius of curvature Rmean = 697 cm and an aperture of 220 cm x 440 cm.
One of them will be positioned in the positive x-direction and tilted by 261 mrad clockwise
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and the other one will be positioned in the negative x-direction and tilted by 261 mrad
counter-clockwise. The mirror system requirement can be divided into three categories,
namely:

• Material requirement: We require the radiation length to be < 2% at normal
incidence to the mirror. A protective coating for the mirror is also required. This
coating should have 99 % transmission at 280 nm.

• Geometrical requirement: The mean radius of all mirror tiles must lie within 697±3
cm. The maximum shift of any tile from the mean is allowed to be ±3 cm. The surface
smoothness must be less than 2.8 nm.

• Optical requirement: We define a quantity called spot-size which is the diameter
of the circle where 95% of the light reflected from the entire mirror is focused. From
simulation, we determine that the spot-size must be less than 2.5 mm.

• Reflectivity: The mirror must reflect 90% of the light averaged over the entire surface
for wavelengths larger than 280 nm.

5.2.5 Electronics Requirements

The baseline photosensitive device MAPMT associated with the gas RICH poses stringent
requirements on the electronics in terms of the data rate and throughput at least in the
highest occupancy region. The backup HPD system also depends critically on low noise.
The expected signal level in the MAPMT’s has an approximately flat distribution from
threshold up to about 106 electrons, while the expected signal level from the HPDs is about
5,000 electrons. Thus, we require very low noise front-end electronics for the HPDs, while
for MAPMTs, an increase in noise will just reduce somewhat the level of signal photons.
Although the average occupancy of the BTeV RICH detector is very small (0.75% hits/pixel),
in the hottest MAPMT the number of hits in an event can be as high as 9, with 11% of the
events having more than 4 hits per tube, according to a Monte Carlo simulation based on
an average of 6 interactions per crossing.

• Noise of the front end: The equivalent noise charge of the front end electronics
when connected to the MAPMT will be less than or equal to 1000 e−, or 500 e− if the
backup HPD system is used.

• Speed: The analog signal should have a peaking time of about 75 ns and a fall time
(10 % of the peak) of 200 ns.

• Event rate: All the building blocks of the front end electronics (preamplifier and
shaper, gain stage, discriminator, digital architecture) need to be able to process event
at a rate of 7.5 MHz without degradation of the performance.
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• Data rate: The front end electronics will provide digital information of the MAPMT
pads hit by a photoelectron within the beam crossing when the event was originated.

• Threshold uniformity: Each front end electronics ASIC will have a global threshold,
settable by an external DAC that spans the whole dynamic range of the chip (0-6000
e−). Moreover a fine tuning of the individual channel threshold will be built within
the chip. This fine tuning needs to maintain the threshold dispersion below 200 e− per
chip.

• Masking out bad channels: It should be possible to mask out bad channels by
digital control.

• Electronics calibration: It is necessary to be able to inject a calibration charge on
each individual channel to characterize the ASIC performance with the expected signal
level.

• Chip initialization and readback of the downloaded information: The mode
of operation of the chip (calibration/data taking, individual thresholds, active channel
mask) needs to be initialized with a serial bit pattern. The downloaded information
needs to be available to be read back for diagnostic purposes.

• The hybrids need to have a dead channel count below 1% (at most 1 dead channel per
hybrid).

5.2.6 Readout Requirements

The success of the experiment relies critically on the quality of the data provided to the data
acquisition system.

• Data Sparsification: The data output from the detector includes only those cells
that are above a settable threshold.

• RICH output data content: The hit data must include the beam crossing number,
chip identification number, and the addresses of all hit pixels for that beam crossing.

• Data Rate: The noise level should be such that the maximum data rate should not
exceed an average of 4% of the ∼154,000 channels.

• Readout Abort: The system must have a means of recognizing and aborting the
readout of any chip that has an unusually high volume of data output (e.g. all the
channels lit up).

• Remote programming of local FPGA’s: All the FPGA’s located in the front end
devices must be remotely re-programmable from the slow control lines if necessary.
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5.2.7 Electrical and magnetic interference

The readout chip must be shielded electronically from external noise (MAPMT HV, sensor
bias. . . ). Common mode noise arising from the experimental environment should be kept
well below the intrinsic noise performance of the front end electronics. Adequate shielding
of the analog front end should be part of the final packaging of the devices.

5.2.8 Mechanical Properties of the front end hybrids

For the baseline MAPMT system, the 128 channel hybrids must fit within the profile of
the 8 tubes (4x2 array) that they are connected to. For the backup HPD system, the front
end hybrid should be composed of a rigid component (hyb-A) hosting the analog front end
devices, connected via a flex portion (flex) to a rigid component including the logic periphery
(hyb-B).

• Mechanical clearance of hyb-A: In the case of the HPD, the component hyb-A
must be small enough to fit inside the mu-metal shield surrounding the HPD and have
holes in locations specified in accordance with the overall HPD support structure.

• flex mechanical properties: In the case of the HPD, the flex component of the
hybrid must maintain signal line integrity upon the tight bend required to fit into the
HPD mechanical structure.

5.2.9 Cooling System

Both the gas and liquid system will require active cooling. In the gas RICH, the baseline
MAPMT system we need to cool both the readout chips and the bases. For the backup HPD
system , the heat load is dominated by the readout chips. The liquid RICH will also require
cooling of the bases and the readout chips.

5.2.10 Gas and Liquid Systems

The gas and liquid systems both recirculate their respective fluids. Since neither system
operates below 280 nm, purity is not an issue in terms of the photon yield. However, the
changes induced by impurities to the index of refraction can be a problem, thus we specify
that the purity is monitored in both systems. Moreover both systems are cleaned with
appropriate techniques to maintain the purity specified below.

• Gas System Purity: The C4F8O system shall recirculate gas. By means of standard
filtering techniques, the gas purity shall be maintained at better than 99%.

• Liquid System Purity: The C5F12 system shall recirculate liquid. By means of
standard filtering techniques, the purity shall be maintained at better than 99%.
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• Gas System for HPD: The HPD array shall be provided a separate gas system that
is resistant to electrical breakdown, necessary because of the 20 kV required by the
HPD’s. This gas may be sulphur-hexaflouride. This is not required for the baseline
MAPMT system.

5.2.11 Power Supplies

The MAPMTs are run close to 900 V. There are 3 separate high voltages to be supplied
to the HPD’s: 20 kV, 19.89 kV, and 15.6 kV. In addition there is a low voltage of ∼60 V
supplied to the silicon sensor inside the HPD. The PMTs system requires 1000 V.

• Ripple: The high voltage supplied to the MAPMT must have a ripple on the voltage
low enough not to increase the gain variation by more than 25% or the electronic noise
by more than 10%.

All high voltages to the HPD must have a ripple on the voltage sufficiently small over
the entire frequency range so not to increase the electronic noise by more than 5%.
This may be accomplished by either using a very low ripple power supply, or by using
an RC filter close to the detector.

• Voltage reference/grounding: All low and high voltage power supplies will be
floating. Each RICH photosensitive element assembly will have one well-defined local
ground and defined isolation (resistive and/or capacitive) from other grounds. The
design must take safety of equipment and personnel as well as ground loop avoidance
and other noise prevention into consideration.

5.2.12 Monitoring

Monitoring of the RICH
To check the performance and the safe operation of the RICH System, we need to monitor

several items:

• Temperature & Humidity Monitoring: The RICH monitoring system should
check temperature at ∼16 individual points in the gas, and in the liquid. We will
also monitor the temperature in the collision hall. Each hybrid will be monitored by
a thermistor. The humidity in the HPD array must be measured and kept below 5%
to avoid corona discharge. For the baseline MAPMT system, the humidity should be
kept below 40%.

• High Voltage & Low Voltage Monitoring: All voltages and currents must be
read back from the detectors and their values displayed. All currents must also be
monitored.
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• Alarms: Appropriate limits should be set on the parameters that are being monitored
and an alarm will be issued if these limits are exceeded. In some cases, the alarm should
automatically start a turn-off sequence to prevent any major damage to the system.
In other cases, it will provide a warning.

5.2.13 Electrical Requirements

The hardware that is designed and built, or purchased to implement the RICH system will
consist of digital electronics. This hardware must comply with the BTeV Digital Electronics

Standards document. This document contains requirements, standards, and recommenda-
tions that apply to all digital electronics in BTeV. The subjects that are addressed in the
document include interfaces, grounding, EMI, shielding, infrastructure, safety, reliability,
and maintainability.

5.2.14 Electronics Protection

BTeV will have a committee to review component electronics protection proposals. BTeV
management will provide documents defining acceptable electronics protection procedures.
The RICH System should observe all safety rules and regulations as detailed in the BTeV
Safety Requirement Document. A series of interlocks and alarms should be in place.

5.2.15 Functional Requirements

In order to fully exploit the photodetector capabilities and achieve the required resolution
on the Cherenkov ring, the mirror panels need to be carefully aligned with respect to each
other and with respect to the MAPMT planes.

• Mirror Alignment: The mirror panels will be aligned in the experimental hall with
accuracy consistent with the geometrical requirements described in Section 5.5.4.

• MAPMT Alignment: The MAPMT position in the detector will be aligned with re-
spect to the mirror surface with accuracy consistent with the geometrical requirements
described in Section 5.5.4.

• Access: It should be possible to access individual MAPMT (or HPD) modules, PMT
modules and Mirror panels for adjustment or repair.

5.2.16 Requirements on Rest of BTeV

• Stray Magnetic fields: The magnetic field in the region of the MAPMT and PMT
arrays must be enclosed in a shield adequate to keep the magnetic field below 10 Gauss,
without individual shielding of the devices. (Mu-metal shields then will reduce the field
below our level of sensitivity).
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• Beryllium Beam Pipe: The beam pipe between the magnet and the end of the
RICH detector needs to be made of thin Beryllium to minimize the radiation lengths
in order to keep the backgrounds at an acceptable level.

• Tracking: Tracking must be provided before and after the RICH detector. The current
requirements for the Straw and Silicon systems are adequate for our purposes.

• Operating Temperature: The operating temperature of the detector must be kept
below 28oC, otherwise the liquid radiator will become gaseous. The temperature vari-
ation should be kept within ±2 oC. The temperature need not be uniform across the
entire detector.

5.3 Technical Description

The RICH detector consists of two separate subsystems that share the same space along the
beam line, as shown in Fig. 5.1. The main system consists of a 3 m long C4F8O gas radiator,
a focusing mirror and a photon detector consisting of arrays of multi-anode photomultipliers
(MAMPT) or hybrid photo-diodes (HPD) that have pixilated elements approximately 6 mm
x 6 mm in size. An example of simulated Cherenkov rings detected in the gaseous RICH
is shown in Fig. 5.2. The second system consists of a 1 cm thick C5F12 liquid radiator and
an array of standard 3” photomultiplier tubes placed on the sides of the gas radiator tank.
Cherenkov rings created in the liquid radiator are directly projected onto the photomultiplier
arrays (so called “proximity focusing”). An example of simulated Cherenkov rings detected
in the liquid radiator RICH is shown in Fig. 5.3. In this section we discuss the motivation
for the technology choices and then we describe each of the major components of the RICH.

5.3.1 Selection of RICH Radiators

Because of the large particle momenta there is really only one choice of detector technology:
a gaseous ring-imaging Cherenkov detector. Pions and kaons can be separated in the required
momentum region with a single gas radiator (see Fig. 5.4). Initially we chose C4F10 (the
heaviest RTP gas) and assumed an index of refraction of approximately 1.00138 in the visible
range [5]. This gas has been used by DELPHI (endcap) [1], HERA-B [2] and HERMES [3].
It was also the choice for one of the LHCb RICH detectors [4].

Unfortunately, the main manufacturer of C4F10, the 3M company, recently stopped pro-
ducing this gas. Although still available, the price has risen by a factor of five and we do
not believe that the source is stable. To determine a replacement we needed to measure
the refractive index of different gases to determine if they were suitable. Fig. 5.5 shows our
measurements of refractive indices as a function of wavelength for three different gases, the
original C4F10, C4F8O and C4F8. The measurements were obtained with light interference
technique. The curve is the one we have been using in our simulations; it is contained in a
HERAb thesis and appears to be an extrapolation of DELPHI measurements that were done
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Figure 5.1: Outline of the important RICH components.
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Figure 5.2: Cherenkov rings from the gas radiator detected in the MAPMT arrays as simu-
lated for a B → π+π− event with two minimum bias interactions in the same bunch crossing.
The Cherenkov hits for the pions from the B decay are highlighted.

in the UV. Fortunately the C4F8O falls right on the curve and use of this gas will therefore
provide identical performance to that of the initially simulated C4F10. The 3M company
produces C4F8O and has told us that there are no plans to discontinue its production. We
also note that using C4F8 would only marginally change the physics performance, by reduc-
ing the high momentum particle separation between kaons and pions, for example, by ∼1
GeV/c. Recently, we tested C4F8O in the test beam of the RICH prototype (Section 5.4.1.5)
and confirmed its suitability.

Below ∼9 GeV, no gas can provide K/p separation since, for these momenta, both K and
p are below radiation threshold. In this case, the RICH operates in a threshold mode for (K
or p) vs. π separation (except that it has much better noise discrimination than a normal
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Figure 5.3: Cherenkov rings from the liquid radiator detected in the PMT arrays as simulated
for a kaon tagged B event with two minimum bias interactions in the same bunch crossing.
Hits belonging to the same track are connected. The Cherenkov hits for the tagging kaon
are connected by a thick line.
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Figure 5.4: Cherenkov angles for various particle species as a function of particle momentum
for C4F8O (n = 1.00138) and liquid C5F12 (n = 1.24) radiators.

threshold counter because it still measures a Cherenkov ring for pions). Separation of kaons
from protons turns out to be important for b-flavor tagging. In the case of the Bo

s , we use
a positively identified kaon for both “same side” and “away-side” tagging. For the Bd, only
the “away-side” case requires kaons. In the “same side” tag, there is a strong correlation
between the sign of the fragmentation kaon and the flavor of the Bs. However, the tagging
fragmentation kaon comes from the primary vertex which also contains many protons that
can cause false tags. In “away-side” tagging, the lack of K/p separation prevents one from
distinguishing kaons from p, p̄, which occurs ∼8% of the time in B meson decays. Decays of
Λb baryons produce p, p̄ ∼50% of the time, but their production rate is suppressed relative
to B meson production. These low momentum protons lead to a reduction in the purity of
tagged kaons.

Originally we planned to improve identification of low momentum particles by inserting
a thin (∼ 4 cm) piece of aerogel (n = 1.03) at the entrance to the gas RICH, as proposed by
LHCb [6]. The Cherenkov rings were focused by the mirrors of the RICH and were detected
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Figure 5.5: Syracuse measurements of refractive indices of various gases as a function of
wavelength compared with the curve from HERAb for C4F10 [5].

using the same photon detector array (somewhat enlarged) as the gas photons. A study using
detailed reconstruction of the Cherenkov rings showed that the relatively low light yield from
the aerogel, combined with confusion from the larger number of overlapping rings from higher
momentum tracks radiating in the gas, resulted in very little particle discrimination.

We now plan to use a liquid C5F12 radiator which has an index of refraction of 1.24 and
produces relatively intense, large radius Cherenkov rings, even with only 1 cm of liquid. The
C5F12 radiator has been successfully used in other experiments (e.g., DELPHI). The rings
hit the side walls of the RICH gas containment vessel (see Fig. 5.1), which are instrumented
with standard 3 inch photomultiplier tubes. Moreover, the small-angle Cherenkov photons
produced in the gas radiator almost always intercept the RICH mirror and rarely intercept
the side, top, or bottom walls. Thus, the two main limitations of the aerogel scheme, the low
amount of Cherenkov light and the confusion between aerogel photons and C4F8O photons,
are eliminated. At the same time, the refractive index of C5F12 is low enough that kaon and
proton rings have very different radii, even at 9 GeV, and can be distinguished (Fig. 5.4).
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5.3.2 Liquid Radiator

A 1-cm thick liquid radiator will be mounted at the entrance to the RICH vessel. The
mechanical design of the liquid radiator is shown in Fig. 5.6. The radiator is about 2.5 m
× 2.5 m in size and will cover the entire RICH entrance window. To suppress unwanted
Cherenkov radiation in the liquid by higher momentum tracks, a 40 cm × 40 cm section of
the radiator is removed around the beam pipe. The cut-out helps also the gaseous RICH
and ECAL since it reduces a number of photon conversions in the high particle flux area.
The liquid is contained in a carbon fiber box with a 3-mm thick quartz exit window. We
chose quartz for its radiation hardness. To reduce the static head pressure of the liquid on
the window, the radiator is segmented vertically into 4 separate volumes (vessels). There are
also a number of reinforcement posts distributed throughout the window, with decreasing
spacing towards the bottom of each volume. The total amount of material in the liquid
radiator, including its support structure, corresponds to 8.7% of a radiation length.

A liquid re-circulation system is used to provide pure thermally-stable liquid C5F12 to
the four liquid radiator vessels. The total system volume is approximately 20 gallons. A
particulate filter, pump, and temperature-regulating heat exchanger are used to circulate and
condition the fluid. This single circuit (see Fig. 5.7) services all four vessels. A manifold,
however, cannot be used to supply the fluid to the vessels since the increased static head on
the lower vessels would exceed the critical breaking stress of the quartz window. Therefore,
all vessels are connected in parallel via a switching unit. Also, to prevent any additional
stress on the quartz, the chambers are open to atmospheric pressure at both the inlet and
outlet. The fluid is collected in a reservoir for recirculation. A PLC-based control system
regulates the temperature of the reservoir and the flow-rate of the fluid. Temperature control
is necessary to avoid evaporation of the liquid (T<28oC).

5.3.3 Gas Radiator

The gas radiator (C4F8O) fills the entire tank volume and adds 8% to the radiation thickness
of the detector. The average Cherenkov radiation path in the gas is about 2.9 m.

The front and rear windows of the tank are made of carbon fiber; 0.05 inches thick at the
front (0.6% r.l.) and 0.04 inches thick at the rear (0.5% r.l.). The seal around the beam-pipe
is achieved using a polyurethane bellows and a flange for each window (Fig. 5.8).

The radiator gas circulation system is used to provide pure C4F8O gas to the RICH vessel.
The total system volume is approximately 2,000 cubic feet. A simplified flow diagram of the
system is shown in Fig. 5.9. The major components of the system are a metal bellows pump,
a molecular sieve to remove water vapor and particulates, a parallel purification arm to
remove nitrogen, oxygen and other gases, and a passive expansion volume to compensate
for external atmospheric pressure changes. The purification arm may be switched in as
needed, and contains a compression pump that condenses the C4F8O gas to approximately
3 atmospheres. The impurity gases that do not condense are vented through a relief valve
which is set at a pressure just above the condensation pressure of C4F8O. The pure liquefied
C4F8O is then vaporized and re-enters the system through a regulator valve set just below
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Figure 5.6: Mechanical design of the liquid radiator. The top left figure views the radiator
face-on. Side views are also shown. In the figures, the carbon-fiber support posts are only
shown on the lower two vessels. The same support scheme will also be used on the upper
two vessels.

5-16



Figure 5.7: Simplified flow diagram of the C5F12 liquid recirculation system for the RICH.

the gases critical condensation pressure. A PLC-based control system regulates the pumping
speeds to maintain an internal vessel pressure equal to atmospheric pressure. The expansion
volume is designed to be about 10% of the total gas volume. The concern is that even a
small differential between the interior and atmospheric pressures will cause large deflections
and stresses in the entrance and exit windows for this heavy gas. Space constraints near
the windows prohibit large deflections. A monitoring system will record temperatures and
pressures.
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Figure 5.8: Beam-pipe to window seal at the front and rear of the RICH.

5.3.4 Mirrors

Spherical mirrors at the end of the gas volume reflect Cherenkov photons radiated in the
C4F8O and focus them into rings at the photodetection surface. The mirrors are tilted
allowing the photodetectors to be out of the spectrometer acceptance and to be shielded
by the magnet. Since the geometric aberrations due to the mirror tilt are significant for
the gas radiator, we plan on the longest RICH detector we can accommodate within the
space limitations. This also maximizes the photon yield from the gaseous radiator, again
improving the resolution of the device.

This mirror system consists of two large mirrors each with a mean radius of Rmean = 697
cm, and an aperture of 220 cm x 440 cm. They can be broken down to any number of tiles
and shapes to optimize cost and performance. A hole (probably circular in shape) of 3 cm
radius is needed in the center of the mirror system to allow the beam pipe to go through, as
shown in Fig. 5.10.

Because of the high precision PbWO4 calorimeter just behind the RICH, we require that
the radiation length of the mirror system is less than 2% at normal incidence. This can
easily be satisfied if composite mirrors are used.

For performance and cost reasons, it is more practical to handle smaller mirror tiles.
Therefore, we divided each of the two big mirrors into arrays of full and half hexagons for
an initial design. One possible design is shown in Fig. 5.10. It would consist of 19 full
hexagons (64.2 cm side-to-side), 4 half hexagons and 7 hexagons missing one edge-triangle.
Once these mirror tiles are produced by the vendor and tested at Syracuse, we will ship them
to Fermilab where they will be assembled.

Subsequently we approached different vendors with these preliminary designs. The CMA
company of Tuscon, Az has proposed using larger square tiles that has several nice features
for us. There design is shown in Fig. 5.11.

In this design there are only 16 mirror for the entire system leading to a much easier task
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Figure 5.9: Simplified flow diagram of the C4F8O gas recirculation system for the RICH.

of assembling and aligning the segments. These mirrors are made from composite materials
and have a thickness< 2% r.l. [7].

The mirror support structure, which is integrated with the rear window, is shown in
Fig. 5.12. Each mirror tile is supported by a 3-point kinematic mount attached to a large
flat support panel, which is made of two carbon fiber skins of each 0.51 mm thick containing
between them 7.62 cm of foam. The total radiation length is 2.6%. The size of the support
panel is 447 cm x 447 cm made in four strips, one for each vertical column of mirrors. The
panels have 48 circular holes with a diameter of 10.16 cm, from which we extend carbon
fiber cylinders to the mirror mounts for easy access. These cylinders are attached to bellows
which are themselves attached to the rear window. The deflections are computed to be ∼0.4
mm when the tank is filled with gas.
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Figure 5.10: The original RICH mirror system (units are in inches).

39.31"

Figure 5.11: Sketch of one-half of the CMA proposed mirror array (units are in inches).
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Figure 5.12: Drawing of the mechanical support for the CMA mirrors.

5.3.5 Photodetector Planes and Tank Structure

The size, optimal position and orientation of the photodetection surface for the C4F8O
Cherenkov photons were determined using a ray tracing Monte Carlo. Even though the
true focal plane of a spherical mirror is not planar, non-planar surfaces do not improve
the resolution significantly and are difficult to realize in practice. We therefore use a flat
photodetector plane whose position and tilt (442 mrad) was optimized using simulation.
Since the actual emission point along the track for Cherenkov photons is unknown, the
Cherenkov angle reconstruction assumes emission at mid-point of the RICH vessel. The
emission point error, which contributes to Cherenkov angle resolution, is magnified by the
mirror tilt from 0.2 mrad to 0.53 mrad. This error imposed by geometrical considerations
sets the scale for the other two major contributions to the Cherenkov angle resolution:
chromatic error and photodetector segmentation error (called also photon position error) to
be discussed in Section 5.3.6.1.

The photons generated in the liquid radiator (C5F12) pass through the quartz window
and enter the C4F8O gas volume. Most of the photons reach the sides of the RICH gas
containment box. The sides, top, and bottom of the box are instrumented with arrays of 3”
diameter photomultipliers to detect these photons. The tilt of the PMTs is also determined
by simulation.

The photodetectors for each system (MAPMT or HPD for gas system, and PMT for
liquid system) are each shielded using a mu-metal tube to minimize the impact of the main
dipole’s fringe field on the performance of the tubes. Additional external shielding of the
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magnetic field will be needed for the MAPMTs (or HPDs) and is provided by the steel-walled
enclosure. The major detector elements (front and back windows, liquid radiator, mirrors
and photodetector boxes) will be attached to the tank superstructure, which consists of
massive beams (see Fig. 5.13), which will also support the tank walls and acrylic windows
which seal the gas volume in front of the photodetectors. The superstructure is segmented
to decouple mechanical loads due to the different components.

MAPMTs

     

MAPMTs

     PMTs

PMTs

liquid

radiator

expansion volume

Figure 5.13: Tank support beams and location of the major components. The PMTs arrays
are not shown except for their locations.

5.3.6 Photodetectors for the C4F8O radiator

We choose to work in the visible wavelength region above 280 nm to minimize chromatic
aberrations that arise because the index of refraction varies with wavelength. Because of the
open geometry of the forward spectrometer and the availability of space to install shielding to
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protect detection elements from the fringe field of the BTeV analysis magnet, arrays of multi-
anode photomultipliers (MAPMT) or hybrid photo-diodes (HPD) can be used. Currently
the MAMPTs are the baseline solution with the HPDs being a viable alternative.

5.3.6.1 MAPMT Photodetectors

Mulit-Anode Photo-Multiplier Tubes are the baseline choice for the photon detector of the
gas radiator system. In a MAPMT, the dynode structure is transversely segmented creating
many independent channels within a single PMT enclosure. The initial R5900 multi-anode
tubes developed by Hamamatsu were 30 mm × 30 mm in cross-section and were segmented
into four (R5900-M4), sixteen (R5900-M16) or sixty-four (R5900-M64) separate anodes. The
main drawback of these tubes was a large dead area around the photocathode. The active
area of these tubes was only about 36%. Some type of light focusing system in front of
the PMTs was needed to recover the dead area. The R5900-M16 and R5900-M4 tubes
were used in the HERA-B RICH detector [2]. The HERA-B system used a two-lens system
providing a demagnification by a factor of two. In the HERA-B solution the tubes are
not closely packed, reducing the cost of the detector but allowing the segmentation error
to dominate the achievable resolution. Furthermore, the photon yield is reduced due to
reflective losses at each lens surface. The LHCb group, which is considering MAPMTs as a
back-up system for their own version of PP0380 HPDs1, developed a different demagnification
system consisting of a single convex-plano lens [6] to work with a closely packed array of
R7600-M64 tubes. These tubes are 26 mm × 26 mm in cross-section, as the outer flange
was eliminated increasing the active area to about 48%. The light recovery factor by the
lens is 1.55 [12], resulting in an effective active area of 74%. Our initial modeling of the
MAPMT system consisting of closely packed R7600-M16 tubes with convex-plano lenses
showed somewhat worse performance than HPDs [13].

Hamamatsu has recently developed a new multi-anode tube - R8900. The focusing of the
photo-electrons onto the first dynode was redesigned to provide a much larger active area of
85% in a 26 mm × 26 mm form-factor. Consequently, no lens system is needed. Moreover,
the square geometry minimizes the geometrical losses, except for a possible magnetic shield.
In bench studies, we have determined that the R8900 tubes can be adequately shielded
from the fringe fields of the BTeV dipole magnet (see Section 5.4.1) using a 250 µm thick
mu-metal shield. We have simulated a system of MAPMTs assuming a 1 mm gap between
tubes and find a geometrical acceptance of 79% (compared to 62% for the HPDs). The
quantum efficiency of MAPMTs is likely to be at least 15% higher than for HPDs since
photo-cathode quality is easier to control over the small area. While photo-electron collection
efficiency is very high for HPDs, about 1/3 of the photo-electrons are expected to be lost in
R8900 tubes, failing to multiply on the first dynode. Putting the geometrical, quantum and
collection efficiencies together we expect to obtain about the same photon yield from both
the MAPMT and HPD systems (see Tables 5.1 and 5.6). The R8900-M16, with 6 mm × 6

1Finer pixels and faster readout are required in LHCb, thus the readout electronics had to be integrated
with the diode chip.
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Table 5.1: Expected performance of BTeV RICH system. The photon yield and the resolu-
tion per track given here do not take into account any reconstruction losses due to overlap
of Cherenkov rings from different tracks in the same event. The gaseous RICH performance
given here corresponds to the baseline option (MAPMTs). The HPD solution produces very
similar numbers (see Table 5.6).

C4F8O, n = 1.00138 C5F12, n = 1.24
emission point error 0.50 mrad 0.4 mrad
segmentation 0.51 mrad 5.3 mrad
chromatic error 0.49 mrad 3.7 mrad
total error per photon 0.83 mrad 6.2 mrad
number of photons 52 12.4
total error per track 0.11 mrad 1.8 mrad

mm anode pixels (Fig. 5.14), has the right segmentation for our application producing the
segmentation error which is well matched to the emission point and the chromatic errors (see
Table 5.1). The tubes are equipped with a standard bialkali photocathode on a borosilicate
glass window. A UVT acrylic will be used to separate the gas and the MAPMT volumes.
Wavelength coverage of the borosilicate glass and of the UVT acrylic are very similar (see
Fig. 5.50). Since MAPMTs require a single ∼ 1 kV voltage to operate and provide a gain
of 106, the technical aspects of the readout and HV distribution are much easier to manage
than for the HPDs. The current price of R8900 tubes is lower per unit area than that of the
PP0380AT HPDs from DEP (described in Section 5.3.6.4). Therefore, the MAPMT system
is used for the baseline design and the HPD system is maintained as a viable alternative.

A system with 9016 MAPMTs approaches the full geometrical coverage limit. With 16
pixels per tube, the detector would have 144,256 electronic channels.

After successful bench tests of the first two R8900-M16 prototypes (see Section 5.4.1),
we received additional 52 tubes, which were characterized on a bench and later used in the
test beam of the RICH prototype (see Section 5.4.1.5).

5.3.6.2 MAPMT Readout Electronics

To minimize development cost and effort, MAPMT readout is closely related to the HPD
readout electronics, which is described in Sec. 5.3.6.5. Since a single photoelectron produces
as many as 1,000,000 electrons in the MAPMT (vs. 5,000 in the HPD), gain of the VA BTEV
chip originally developed for the HPD (see Sec. 5.3.6.5) is reduced and noise requirements are
less stringent. Design of the digital part is shared with the HPD hybrid. The MAPMT tubes
will plug into a mating board, which will contain HV divider and connectors to the MAPMT
hybrid board. Unlike for the HPD option, no flex-rigid technology is required making the
MAPMT hybrid board cheaper and more reliable. The layout of the first prototype MAPMT
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Figure 5.14: Dimensions of the prototype R8900-M16 MAPMT from Hamamatsu.

VA BTEV front-end hybrid is shown in Fig. 5.15. One hybrid has 2 VA BTEV chips and
serves 8 MAPMTs (128 channels).

We received and bench tested 16 MAPMTs hybrids. Later they were successfully used
in test beam of the RICH prototype (Section 5.4.1.5).

5.3.6.3 MAPMT Mechanical Support

The mounting arrangement for the MAPMTs is sketched in Fig. 5.16. Conceptually the
detector plane is segmented vertically into groups four tubes high. The tubes are plugged
into circuit boards containing the bases (“baseboards”) that are attached to a box channel
beam which runs across the entire width of the detector. The MAPMTs are cabled to hybrid
boards attached to box channel via standoffs. Each hybrid has 128 channels and is cabled
to 8 tubes. The hybrids then go to a multiplexer board as shown. The box channels which
provide the mechanical strength are screwed in at the ends to a rigid frame. Cooling lines
are attached to the box channel. Prototype of this mechanical support was used in the test
beam (Section 5.4.1.5).

5.3.6.4 HPD Photodetectors

HPDs are commercially available from DEP (Delft Electronic Products B.V.) in the Nether-
lands. For BTeV, we have collaborated with them in developing a 163-channel HPD with
an outer diameter of 81 mm (PP0380 tube, see Fig. 5.17) The active diameter of the HPD
is about 74 mm. A photon entering this device is focused by a spherical quartz window
onto a photocathode deposited on the inner surface of the window. Photoelectrons are then
accelerated by −20 kV through a drift region with electrostatic focusing onto a segmented
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Figure 5.15: Photograph of the first MAPMT hybrid board. Compare with the HPD hybrid
board shown in Figs. 5.19-5.20.

All dimensions in inches

MAPMTs HYBRID

MULTIPLEXER

Figure 5.16: Drawing of prototype mounting scheme of MAPMTs.
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Figure 5.17: BTeV HPD (DEP PP0380AT). The outer dimensions are outlined on the left.
The bare tube diameter is 83 mm. The insulated tube diameter is 87 mm. Silicon pixels (163
channels) on the cathode are shown in the upper right drawing. Pin layout is illustrated in
the lower right picture.

silicon diode where they produce a signal of ≈5000 electrons. In addition to -20 kV, the HPD
requires voltages of −19.89 kV and −15.83 kV for focusing and demagnification onto the
silicon pixel array. The charge collection time from the silicon depends on the bias voltage
and is well below 100 ns. The focusing used in the PP0380 HPDs was developed by DEP
in collaboration with the LHCb group [8]. The segmentation of the diode array into pixels
has been adjusted to match our spatial resolution requirements. The effective pixel size at
the HPD front-face is 5.7 mm side-to-side, corresponding to a photon position error of 0.45
mrad, which is slightly smaller than the 0.53 mrad contribution from the emission point
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uncertainty. A 163 pin-grid array connects the pixel elements to readout electronics residing
outside the tube.

About 80% of the bare tube area is active. However, the HPDs require 2 mm thick
insulation and 2 mm thick magnetic shields which add to the inactive area. Closely-packed
tubes cover 91% of the area they occupy. Thus the overall geometrical light collection
efficiency is ∼62%.

The last major factor impacting the RICH performance is the wavelength coverage, which
is determined by the photo-cathode and window material. The wavelength sensitivity deter-
mines chromatic error and is a major factor in the number of Cherenkov photons detected per
track. Quartz windows are a standard feature in the HPD tubes as they can easily sustain
the high voltage on the photo-cathode. High quality quartz extends the wavelength coverage
from the visible range down to 160 nm. Such a large wavelength coverage results in a large
chromatic error of 1.4 mrad per photon and in a large number of detected photons per track
(∼ 162). When the wavelength coverage is limited, the photon yield drops but the chromatic
error per photon improves. These two effects offset each other. The simulations show that
a shallow optimum in Cherenkov resolution per track is reached when the wavelengths are
limited to about 280 nm. UVT acrylic used in the vessel window will produce such a wave-
length cut-off. This results in a chromatic error of 0.50 mrad per photon with a photon yield
of ∼50 photons per track. The total intrinsic Cherenkov angle resolution is therefore 0.84
mrad per photon and 0.11 mrad per track, which is comparable to the MAPMT performance
(see Table 5.6). A system with 944 HPDs approaches the full geometrical coverage limit.
With 163 pixels per tube, the detector would have 153,872 electronic channels.

We have received 15 BTeV-HPDs which were extensively tested on a bench [9].

5.3.6.5 HPD Readout Electronics

A single photoelectron, when accelerated through 20 kV, produces a signal of about 5000
electrons in silicon. In collaboration with IDE AS Norway, we have developed low noise
electronics to operate with the HPD. The Syracuse group previously worked with this com-
pany on development of a custom-made ASIC called VA RICH and its associated front-end
hybrid boards that were used in reading out the CLEO-III RICH detector. The pulse-height
spectrum for the PP0380AT HPD obtained with VA RICH electronics is shown in Fig. 5.18.
Peaks due to one, two, and three photo-electrons are easily seen.

In BTeV, the RICH readout will be binary. The readout must also be much faster than
with VA RICH. Therefore, a different adaptation of the VA chip family has been produced
for the BTeV HPD. We refer to this new ASIC as VA BTeV. The VA BTeV chip comprises
64 processing channels, including an analog section, a comparator and a digital section. The
analog section consists of a RC-CR preamplifier-shaper unit with gain tuned to the low
expected signal. It has a fast peaking time of 72 ns that is substantially shorter than the
Tevatron bunch crossing time of 396 ns. The fall time is 200 ns, so the process signal is
completely finished by the time of the next bunch crossing. If the Tevatron were to go to
132 ns crossing time there would be a small loss of hits due to the low overall occupancy.
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Figure 5.18: Pulse-height spectrum obtained for a single channel of the BTeV HPD with
VA RICH readout. The pedestal peak is positioned at zero. The subsequent peaks corre-
sponds to one, two and three detected photo-electrons. The peaks are separated by ∼ 5000
e−.

An optional gain stage that can be switched off is included to enable it to operate at slightly
higher thresholds. The chip architecture features parallel input and parallel output for fastest
delivery of the output information. Since each chip has 64 channels, a front-end board will
house three ASICs. They will be connected to the HPD output pins via a small mating
board. This analog part of the front-end hybrid will be well-isolated from the digital part for
the best signal to noise performance. Binary signals for each channel are fed in parallel into
the digital part housing an FPGA, which serializes the output, encodes the channel address
and attaches a time stamp.

The layout of the first prototype VA BTeV front-end hybrid is shown in Fig. 5.19. The
first prototypes were tested on a bench. Satisfactory noise performance was obtained. The
next iteration of the design features a flex circuit to make a right angle bend between the
analog part (mounted directly on the HPD end) and the digital part to allow for closely
packed arrays of HPDs. A number of improvements to the hybrid design have also been
implemented (see Fig. 5.20). A batch of 16 hybrids was procured and bench tested at
Syracuse.

5.3.6.6 HPD Mechanical Support

The mechanical support of the HPDs and their electronics is illustrated in Fig. 5.21. Each
tube is supported on three mounting rods screwed into the HPD back flange. The mounting
rods for six HPDs, together with the support frame for their readout electronics create a
single mechanical unit, called a “hexad”, which can slide in and out of the mu-metal tubes.
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Figure 5.19: Layout of the first prototype of the BTeV RICH front-end hybrid board.

Figure 5.20: Photograph of the new flex hybrid board which will be used to read out an
HPD.

This allows modular replacement, as well as testing, of the HPDs. The mating board with
a ZIF socket attaches to the HPD pins. The analog part of the front-end hybrid plugs into
the mating board with the help of connectors. The flex part of the front-end board creates
a 90 degree angle. The digital part of the front-end electronics rests on one of the support
plates.

5.3.7 Photodetectors for the C5F12 Liquid Radiator

Cherenkov photons generated in the 1 cm thick liquid radiator pass through the quartz
window, undergoing refraction at the liquid-quartz and quartz-gas interfaces, and travel at
large angles towards the PMT arrays. The PMTs are tilted to match the average angle of
incidence of the radiated photons. The Cherenkov images at the PMTs are not simple rings
since they are distorted by light refraction at the interfaces of the various media and by the
orientation of the RICH’s walls. The chromatic error for C5F12 is 3.7 mrad per photon. The
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Figure 5.21: Mechanical support of HPDs and their electronics. Drawing of one mechanical
unit(“hexad”) with 6 HPDs inserted into magnetic shielding tubes is shown in the upper
part. Photograph of a mechanical mockup of such unit is shown in the lower part.
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emission point error is negligible. The photon position error is determined by the size of
the photomultiplier tube. Three inch PMTs produce a photon position contribution to the
Cherenkov angle resolution of 5.3 mrad. The total error is then 6.2 mrad. Two inch PMTs
improve the resolution by about 20%, however they approximately double number of tubes
and cost of the PMT array. The current design has about 5000 3” PMTs covering the most
illuminated portions of the two RICH side walls, as well as the top and bottom walls. While
most of these tubes will be equipped with a borosilicate glass window, 500 PMTs located
in radiation hot-spots (see Sec. 5.4.5) will have UV glass windows for increased radiation
hardness. With this system, we expect to detect 12.4 photoelectrons/track, resulting in
a per-track resolution of 1.76 mrad (see Table 5.1). Since at 9 GeV/c, kaon and proton
Cherenkov angles differ by 5.34 mrad, the separation would be about 3 standard deviations.
Separation improves substantially for lower momentum tracks.

Several manufacturers produce 3” tubes which satisfy our requirements. Further details
on these tubes are discussed in Section 5.4.4.

5.3.8 Power Supplies

The MAPMTs require a 1 kV power supply. We plan to use the same power supply as
adopted for the pixel detector (CAEN A 152N). The same power supplies can be also used
for the PMTs in the liquid radiator RICH subsystem.

The power supply system for the backup HPD option is more complicated, since it
requires much higher voltages (-20 kV, -19.89 kV and -15.8 kV). Because of the low level
signal from the HPDs (∼5000 e−), it is very sensitive to any noise on its high voltage lines.
We plan to use three separate power supplies, instead of using a voltage divider. Groups of
tubes will be ganged together to reduce the number of power supplies. The peak-to-peak
ripple on each supply is required to be less than 10 mV. On a test bench, we have used a
power supply from Acopian with a ∼1 V p-p ripple combined with a HV RC filter close to
the tube. Noise studies were performed with VA RICH readout electronics (see Sec. 5.4.2.8)
and the performance was found to be satisfactory. This extra filtering close to the detector
may not be practical due to limited space near/in the HPD enclosure. Furthermore, the
stored energy in the 20 kV capacitors may be a safety concern.

We have also acquired 3 Matsasuda power supplies (PS), each capable of delivering up
to 30 kV with a p-p ripple of ∼5 mV. These PS are currently being used in bench tests of
the HPD (using VA BTeV electronics). Their noise performance is excellent. They require a
control and monitoring system to set the high voltage and to monitor the high voltage and
the current output. The HV control system is shown schematically in Fig. 5.22. A prototype
system with remote control through Labview has been developed and is being used in bench
tests of the HPD system.

Other options which are being explored includes the acquisition of a CAEN SY1527
universal HV mainframe and a CAEN SY3527 HV supply to be used with the MAPMT sensor
configuration. This will give us the opportunity to experiment with the CAEN HV supplies
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Figure 5.22: Block diagram of the HPD high voltage distribution system.

and control software which are considered a candidate for the integrated implementation of
the high voltage distribution system for BTeV.

Finally, we are planning to acquire a Wiener low-ripple low voltage supply to benchmark
the low voltage implementation in our system. In addition to the three high voltage supplies,
the HPD also needs a power supply of ∼60 V to bias the silicon pixels.

All high voltages (20 kV and 1-2 kV) and low voltages (∼60V) will be controlled by
setting the voltage of an individual channel or group of channels. Each channel will provide
power to a group of HPDs or MAPMTs. The power supply grounds are floating and defined
locally at the detectors that are being powered.

The applied voltages and current draws are monitored for every channel by the RICH
monitoring system. Ranges of acceptable values for each power supply will be determined.
Voltages or currents which fall outside the prescribed range will send a warning/alarm to
the fast control system (i.e., a PLC) and the slow control system (such as iFix).

5.3.9 Monitoring

The windows and container vessel of liquid and gas radiator can be broken or deformed if
the proper pressure is not maintained. The monitoring system will watch the temperatures
and pressures at various points in the gas and liquid volume. Depending on the condition, a
fast response can be provided by a PLC, or a warning provided by the slow control system.
Other properties that will be monitored include: the purity of gas and liquid which could
also affect the index of refraction, the temperature of each front end electronics hybrid, and
the humidity inside and outside the MAPMT enclosure.
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The critical sensors will be watched by a commercial PLC, and will provide a fail-safe
shutdown in extreme cases and an alarm or warning in other non-critical cases. All monitored
sensors will also be interfaced to the slow control system (iFix) which also can produce alarms,
historical data collection and retrieval, and graphical displays. Fermilab has a great deal of
experience with iFix, which is being used throughout the lab for slow controls.

5.4 Completed R & D

In this section, we discuss the R&D progress on the various RICH detector components.

5.4.1 Development of MAPMT System for the Gas Radiator

Multi-anode PMTs provide an excellent technology for detection of Cherenkov photons with
fine segmentation in visible wavelengths. We have recently received prototypes of the 4×4
segmented tube, the R8900-M16, and have studied various features of these redesigned tubes
(see Section 5.3.6.1). An outline of the tube is shown in Fig. 5.14. Particular attention was
directed toward studying the most important features of the device, namely, the pulse height
spectra from individual channels, the effective area, and the magnetic field sensitivity. These
aspects were studied by illuminating the MAPMT using a pulsed LED source connected to
an optical fiber. The optical fiber was a single-mode fiber which produced a spot size of
≈100 µm on the face of the MAPMT. The test setup allowed us to look at the pulse height
spectrum from individual channels as well as the integrated number of counts above a set
threshold. Signal distributions were obtained by taking the difference between readings with
light on and off. A photograph of the test setup is shown in Fig. 5.23.

5.4.1.1 Pulse Height Spectra

For each channel, we measured the pulse height spectrum using the system described above.
The pulse height distribution (in ADC counts) for each of the 16 channels in one tube is
shown in Fig. 5.24. We find the distributions to exhibit well defined single photon peaks.
The variation in gain from channel to channel is of order ±20%, which is acceptable, since
we are only interested in whether the channel had a hit or not (binary readout).

5.4.1.2 Active Area Measurement

For this measurement, we scanned the face of the MAPMT in steps of ≈300 µm. We scanned
through the center of the rows and columns, going beyond the end of the physical device in
order to measure the drop-off in active area at the periphery of the tube. Figure 5.25 shows
the results of the scan across the four columns. In each of the four plots, we show the total
signal count (solid curve) and the contributions from the individual cells (dashed) in each
column. The cell numbers are provided at the top of each figure. Several observation are
made from these data.
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Figure 5.23: Photograph of the MAPMT test set-up at Syracuse. The prototype R8900-
M16 tube from Hamamatsu is illuminated here by blue LED light which is delivered by a
single-mode optical fiber. The optical fiber is mounted on a movable stage.

• The relative response is roughly flat across the face of the tube

• There efficiency near the edges of the tubes begins to falloff at approximately 1.5 mm
from the physical edge.

• The effective area of a cell has Gaussian-like tails which extend beyond the physical
dimension of the cell. This broadening of the cells effective active region was one of the
tradeoffs in achieving a larger total active area for the MAPMT.

In Fig. 5.25, it is observed that cells 1, 5 and 9 have a higher relative response than the
other three columns. Because this study was primarily concerned with measuring the active
area, the thresholds were not tuned to account for gain differences between channels. We
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Figure 5.24: Pulse height distributions for the 16 channels of one of the prototype R8900-
M16 MAPMTs. The number inset in each plot is the MAPMT channel number. The layout
on this page is the same as viewing the tube head-on.
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Figure 5.25: Scan along the four columns of the first R8900-M16 MAPMT prototype using
a blue LED and an optical fiber. Shown are the background-subtracted count rates as
a function of position for each cell along columns (dashed), and the sum of all four cells
(solid).

have also studied in detail the falloff of efficiency in the corners of the MAPMT, and find that
the falloff begins about 2 mm from the corner along the diagonal. The test performed here
on this device, as well as on a second MAPMT, suggest that Hamamatsu has indeed been
successful in producing a MAPMT with large active area. Using these data, and defining
the width as the point at which the efficiency drops off by 50%, we find that ≈22.5-23 mm
of the maximum 24 mm is active. These effects have been included in the simulations of the
BTeV RICH discussed in Section 5.7.1.2 and used as a benchmark for evaluation of the test
beam results (Section 5.4.1.5).

Similar scans of 52 MAPMTs obtained for the test beam show improved uniformity of the
response, even without fine tuning of the discrimination thresholds. An example is shown if
Fig. 5.26. According to Hamamatsu, this is due to improved precision of positioning of the
wires in the focusing grid between the photocathode and the first dynode.
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Figure 5.26: Scan of an improved R8900-M16 MAPMT used in the test beam. See Fig. 5.25
for explanation and comparison.

5.4.1.3 Magnetic Field Studies

Another important aspect of the tube is its resistance to magnetic fields. The photon de-
tectors will be located just outside the main dipole analysis magnet where a non-negligible
fringe field exists. The photon detectors will be in an iron/mu-metal box which is required
to reduce the magnetic field inside the box to a maximum of 10 Gauss. Since it is difficult
to predict the direction of the field inside the box, we require that the photon detectors do
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not suffer a significant loss of efficiency in either a longitudinal or transverse magnetic field
of 10 Gauss.

To test the performance of the tube, we placed the MAPMT in a solenoidal magnetic
field such that field was aligned either in the longitudinal or transverse direction with respect
to the direction of the dynode chain The performance of the tube was first studied without
a shield, and then with a 250 µm thick mu-metal shield extending a distance d beyond
the edge of the tube. In the transverse field configuration, we found that the metal casing
of the MAPMT provided sufficient attenuation of the field (loss in average efficiency less
than 5%). On the other hand, the longitudinal field (BLONG) produced a significant loss
in collection efficiency and thus the MAPMT must be shielded. To effectively shield the
longitudinal component of the field, we found that the shield must extend about 1 cm beyond
the front face of the MAPMT. In Fig. 5.27 we show the collection efficiency as a function
of the applied longitudinal field. The vertical axis has been normalized to the response at
BLONG=0. We show the effect on three of the four corner channels (ch#1, #13, and #16),
one edge channel (ch #3) and one center channel (ch#10). The corner channels are observed
to be more sensitive to longitudinal fields than the other channels. In fact, we observe that
for some of the channels, the relative collection efficiency actually improves, whereas for one
of the corner channels (ch#13) the collection efficiency is degraded by ≈20% with respect to
BLONG=0. We have confirmed that indeed ch#13 was the worst channel in this geometrical
configuration. If the tube is rotated by 90o (about the BLONG direction), the worst channel
becomes a different corner channel, but the magnitude of the efficiency loss is about the
same for the “new” worst channel. Averaging over all 16 channels, we find that the net loss
in efficiency is <5%, for the case where the full field is longitudinal, which is unlikely to be
the case. If part of the field is transverse, the average loss in collection efficiency is lower.

5.4.1.4 MAPMT Electronics

We have been working with IDE AS to produce a modified version of the VA BTeV
chip/hybrid which will accommodate the MAPMT signal of ∼106 electrons. The chip is
required to have a large dynamic range (105 - 107 electrons). A 2-chip hybrid with a new
analog front end tuned to the expected MAPMT signal has been produced and delivered
to Syracuse. An additional benefit of this modified chip is that in addition to the normal
digital channels, there is a dummy channel with an analog output. This aids in the testing
of this readout chip. These hybrids have been successfully tested on a bench and later used
in the test beam run (next section).

5.4.1.5 Test Beam of Gas Radiator RICH Prototype

A prototype of the gas radiator RICH was constructed at Syracuse and tested using a high
momentum proton beam in the MTEST area at Fermilab in June 2004. The tank (see
Fig. 5.28) employed a full-length radiator arm with a single spherical mirror tile tilted by
the nominal angle. The mirror focuses Cherenkov light onto an array of MAPMTs placed at
the end of the other arm of the vessel. The hexagonal glass mirror from IMMA, Turnov (see
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Figure 5.27: Relative collection efficiency for a prototype R8900-M16 MAPMT as a function
of the applied longitudinal magnetic field. The vertical axis is normalized to the value at
BLONG=0.

Fig. 5.37 and Section 5.4.3) has a radius of curvature of 659cm, which is a bit shorter than
the nominal design value (697cm), thus the MAPMT array is positioned 19 cm closer than
in the nominal detector design. The spot size measured for the mirror (see Section 5.4.3.1)
is about 3 mm, which is slightly larger than the 2.5mm spot size specification which we set
for the mirror manufacturers.

The MAPMT array is shown in Fig. 5.29. The R8900-M16 tubes were initially exposed
to Cherenkov photons using air as a radiating medium and orienting the tubes in double-row
geometry (see top photo). Later, all 52 tubes were distributed along the ring expected from
the C4F8O radiator (bottom picture). The MAPMTs were mounted on the first prototype
baseboards. The baseboards host 16 MAPMTs, with each MAPMT having its own resistive
HV divider to supply the dynodes with appropriate voltages. The baseboards also route the
MAPMT anode pins to a standard header, which interfaces to the FE hybrid via four short
cables. A small gap between the tubes allows for insertion of mumetal magnetic shields
(which will be necesary for operation at C0). The mumetal shields were not installed for the
first round of test beam studies, but are expected to be tested in a subsequent test beam in
Jan. 2005. The baseboards are supported by box channels beams (see Fig. 5.16 and Section
5.3.6.3), which also support the Front End readout hybrid boards (see Fig. 5.15 and Section
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Figure 5.28: Gas RICH prototype in MTEST area.

5.3.6.2) The MAPMTs, baseboards, FE hybrid boards and the mechanical support represent
advanced prototypes of the designed system.

Further components of the readout system in the first round of the test beam were
less mature and were adopted from the bench set-up for testing FE boards. Only one FE
board could be read out at a time, limiting the data taking to 8 MAPMTs (128 channels).
Also, this readout system could not be triggered on individual tracks. We acquired data
asynchronously with respect to the beam using a 4-8 kHz gate generator which producd a
trigger window which was typically open for 1µs. The latter time is about 5 times longer than
intended for nominal data taking, since we had to rely on the random coincidences between
the trigger window and the track arrival. In this setup most of the triggers did not contain
any particles passing through the radiator, enhancing electronic noise over the Cherenkov
light signal. Fortunately, the number of such noise hits was small, as measured using data
taken in anti-coincidence with the beam spills. Electronic noise events rarely produced more
than one hit. Thus, events with no beam particle in the detector were rejected by requiring
two or more hits. For higher beam intensities, accepted events would often contain more
than one beam particle passing through the RICH. In most cases, this is of no consequence
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Figure 5.29: MAPMT arrays used in the test beam prototype. (top) Configuration used
with air as radiator. (bottom) Configuration used with C4F8O radiator.
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because the angular divergence of the beam was small compared to the Cherenkov angle
resolution, which produces rings which are imaged at the same location in the photdetector
array. However, some fraction of events contained secondary particles from upstream beam
interactions, which produced Cherenkov rings in different locations, contributing a smooth
background under the Cherenkov ring produced by the proton beam.

The hardware and much of the firmware for a more advanced prototype readout chain
now exists. The addition of multiplexer boards will allow many FE hybrid boards to be
read out at the same time. Triggering on individual tracks will also be possible, eliminating
contamination from multi-track events and secondary particles. Firmware and DAQ software
development for this system are progressing well and is expected to be ready for the test
beam in January 2005.

Meanwhile, we present results from the first round of test beam runs. Initial data were
taken with air inside the RICH tank. The mirror tilt was adjusted to maximize the fraction
of the ring captured within a single 4 × 2 array of MAPMTs. The hit intensity in each
pixel, integrated over many triggers, is shown for the data in the top portion of Fig. 5.30.
The ring radius matches the expectation well, as illustrated by the Monte Carlo generated
distribution shown in the bottom portion.

Figure 5.30: Cherenkov ring produced with air as radiator in the 4 × 2 array of MAPMTs
(outlined with the dashed lines) for the test beam data (top) and test beam MC (bottom).
The Monte Carlo simulation does not include particles from upstream beam interactions,
thus it lacks the background hits extending beyond the image produced by the primary
beam particles.

The Cherenkov image presented above was obtained using 700 V applied to the MAPMTs,

5-43



which is at the on-set of the plateau region as illustrated in Fig. 5.31. At this HV setting
no significant electronic cross-talk was observed as checked with the LED pulser. For higher
HV settings we observed a coupling of the signal to neighboring electronics channels. We
eliminated this cross-talk in the analysis software by counting neighboring hits as one photon.
This procedure induces some inefficiency for photons striking neighboring channels. This
inefficiency increases as the cross-talk hits spread to the next-to-nearest neighbors for even
higher HV settings. This is observed as a slight decrease in the photon yield as observed in
the data taken with the highest HV settings (see Fig. 5.31).
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Figure 5.31: Average number of Cherenkov photons reconstructed in the 4 × 2 array of
MAPMTs for the air radiator as a function of HV, for fixed discrimination threshold. Only
events with 2 or more hits were used to reject electronic noise events (see the text). The
dashed line represents the yield predicted by Monte Carlo.

The plateau region free of cross-talk effects was rather narrow (∼ 50 V) for the FE board
settings used in the test beam runs. We are currently studying on a test bench ways to
reduce the cross-talk, and therefore broaden the acceptable range of operating voltages. The
cross-talk appears to be related to saturation of the VA BTEV ASIC for very large pulse
heights. The dynamic range of the ASIC will be better matched to the MAPMTs pulse
heights in the next iteration of the FE hybrids.

The dashed line in Fig. 5.31 represents the photon yield predicted by the Monte Carlo
simulations. The simulation includes an average particle multiplicity per event of 1.12, as
measured using scintillation counters during data taking. The Monte Carlo also simulates
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the average quantum and collection efficiencies for the MAPMTs. The latter was assumed
to be 70%, which is on high end of the range predicted by Hamamatsu for these devices
in the plateau region. The Monte Carlo assumes no further losses in the FE electronics.
Agreement between the data and MC in 700-750 V range is remarkable. This is the first
experimental verification of the assumptions encoded into our Monte Carlo, which was used
to predict the physics performance of the final BTeV RICH detector. In other words, the
first test beam of the R8900-M16 tubes and of the FE electronics based on VA BTEV chip
indicates that these devices work according to expectations.

The data taken with the C4F8O radiator are shown in Fig. 5.32, where they are compared
to Monte Carlo simulation. The refractive index was scaled in Monte Carlo to reproduce the
Cherenkov ring size observed in the data. The refractive index, averaged appropriately over
wavelength, is determined by this procedure to be 1.001295, which is lower than the value
obtained using a Michelson Interferometer, indicating that the vessel contained a mixture
of C4F8O and air. The fraction of air was determined to be (8 ± 2)% by weighing a fixed
volume of gas extracted from the tank. Correcting the previous result for the air fraction
and for the pressure and temperature dependence, we determine the average refractive index
of C4F8O at RTP to be 1.00432 ± 0.000071. The n − 1 value is 3.4% higher than the
nominal value assumed in our Monte Carlo. It is also higher, but within the errors, as
compared to our optical measurements obtained with the light interference technique (see
Fig. 5.5). The relative change in the Cherenkov radiation momentum thresholds is half of the
n− 1 variation, thus the uncertainty in the measured refractive index has no impact on the
expected detector performance. In fact, larger changes of n will be induced by variations in
atmospheric pressure. Our test beam represents the first use of the C4F8O gas as a Cherenkov
radiator. These results demonstrate that, in fact, C4F8O is a suitable replacement for C4F10

for detectors operating in visible wavelengths.
The data shown in Fig. 5.32 are a superposition of 10 different runs taken over the period

of 2 days, as we could not read out more than 8 MAPMTs at a time with the June 2004
testbeam readout system. Thus, the photon yield for the entire Cherenkov ring could not
be directly measured. Furthermore, the fraction of multi-track events was high (around 2.1)
for these data and not measured independently. A measurement of the Cherenkov photon
yield per track will be performed in a test beam in January 2005 using a more advanced
DAQ capable of selecting single-track events and reading out all 52 tubes simultaneo0usly.

The Cherenkov angle resolution per single photon is determined to be 0.94 mrad from
the fit illustrated in Fig. 5.33. It is 9% higher than the Monte Carlo value, however, the
Monte Carlo assumes negligible beam divergence. This is a likely cause for the disagreement.
Better tests of the angular resolution will be obtained with the individual track trigger to
be implemented during the next test beam run.

5.4.2 Development of HPD System for the Gas Radiator

Hybrid Photo-Diodes provide a competitive technology to the MAPMTs for detection of
Cherenkov photons with fine segmentation. We have developed a 163-channel HPD together
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Figure 5.32: Cherenkov ring produced with C4F8O as radiator in the array of MAPMTs (out-
lined with the dashed lines) for the test beam data (top) and test beam MC (bottom). Only
the dashed squares with hits were instrumented with MAPMTs. The solid lines represent
individual baseboard boundaries. The Monte Carlo simulation does not include particles
from upstream beam interactions, thus it lacks the background hits extending beyond the
image produced by the primary beam particles.
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Figure 5.33: The difference between the measured and expected per-photon Cherenkov angle
in mrads. The solid line represents the fit of a Gaussian on top of a polynomial background.
The dashed line represents the background contribution alone.

with DEP which meets our specifications on position resolution. A picture of this redesigned
HPD is shown in Fig. 5.17. Two initial tubes of this type were manufactured by DEP and
successfully tested at Syracuse. We have also recently received 15 additional tubes which will
be used in the 2004 testbeam run. The pulse-height spectrum for one of the HPD channels,
obtained with low intensity LED light and VA RICH readout electronics (adopted from the
CLEO III RICH) is shown in Fig. 5.18. Peaks due to one, two, and three photoelectrons
reaching the same pixel within the integration time are observed, demonstrating good single
photoelectron detection capability (in RICH operations we will detect one photoelectron at
a time). A number of other baseline tests have been performed and are discussed below.

5.4.2.1 Measurements of the Active Area

An important parameter of the HPD is the active area of the tube, as presented to the
incident Cherenkov radiation. The active area of the HPD has been measured, by scanning
a collimated light source across the diameter of the HPD using a linear motion stage. The
LED light source had a beam spot of 1 mm diameter at the HPD window, and was pulsed
to produce an average of one photoelectron during the integration time of the electronics.
The mean number of photoelectrons was determined as a function of radius. An active area
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diameter of 74 mm was obtained, consistent with the DEP specs of a 72 mm photocathode
deposition and the expected refraction through the spherical quartz window.

5.4.2.2 Measurements on the Electrostatic Focusing

As discussed previously, the HPD electrostatically focuses photoelectrons produced in the
photocathode onto a pixelated silicon detector. Measurements were made to determine the
best electrostatic focus of the HPD. Using a collimated LED light source, the position and
RMS of the spot was determined as a function of the three voltages, UK (cathode), UF
(focus), and UZ (zoom). The results were consistent with electrostatic simulations made by
DEP, for the optimum high voltage setting. Of practical importance, it was found that the
focus has a weak dependence on the values of UK and UZ, but a strong dependence on UF.
Consequently, the value of UF should be set to nominal within 10 V (i.e., 0.05%).

5.4.2.3 Relative Quantum Efficiency

The previous tests also yield a measurement of the efficiency of the HPD across the tube
face. This is a relative measurement, referenced to the quantum efficiency of the tube at
the center of the window. We find a reduction in efficiency as a function of radius, with a
maximum loss of about 10% at the very edge of the active area of the tube. This is consistent
with expectations based upon discussions with DEP.

5.4.2.4 Shielding of HPDs from Magnetic Field

Measurements by the LHCb group [10] showed that the PP0380 HPD shielded by 0.9 mm
mu-metal tube can be exposed to fields up to 30 Gauss, but would require software corrections
due to significant distortions of the photoelectron trajectories. Our goal is to reduce the field
inside the HPD to a level at which no software corrections will be needed.

Measurements of magnetic field effects on HPD performance were made by placing the
HPD in a pair of Helmholtz coils, having better than 5% field uniformity in the central
region. The point spread function (PSF) is the image of a LED through a pinhole in a
screen placed at the window of the HPD. The pinhole was moved to various locations and
the position of the PSF spot was reconstructed by a centroid method. The photoelectron
trajectories are distorted by the applied field, thus the centroid moves across the pixel array,
as illustrated in Fig. 5.34. The HPD was shielded by a tube of CO-NETIC AA foil, arranged
in four layers of 0.25 mm each, with the HPD recessed 5 cm inside the tube. Both transverse
and longitudinal applied fields were varied. Typical results for the displacement are shown
in Fig. 5.35. The applied field required to displace the PSF a single pixel is about 45 Gauss
for longitudinal field. and a factor of two higher for transverse field.

ANSYS calculations of the fringe field from the BTeV dipole analysis magnet predict that
the field in the HPD region will be in the range of 50-150 Gauss. By surrounding the HPDs
and their electronics with a shielding box (0.25” iron + 0.25” air gap + 0.125” mu-metal)
the total field is reduced to a maximum of 10 Gauss. Even if this field is mostly longitudinal,
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Figure 5.34: Images of the pinhole light source in the plane of the HPD diode (series of circles
or squares). The scale is in mm. The crosses indicate the centers of individual hexagonal
pixels. Different points within the series show displacement of the image under the influence
of the magnetic field. The HPD was shielded as described in the text. The external magnetic
field was longitudinal and it was varied from 0 to 55 Gauss.
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Figure 5.35: Typical displacement of the images in the plane of the HPD diode under the
influence of longitudinal magnetic field. The pixel size is 1.4 mm. The two curves correspond
to the outer image locations from Fig. 5.34.

5-49



such fields will results in image distortions which are a fraction of the pixel size as illustrated
in Fig. 5.35.

A beehive of magnetic shields to be used in the beam test box is under construction.
Unlike in the final detector, these prototypes are made of Aluminum, since magnetic shielding
is not necessary for the test beam. The procedure for constructing the beehive has been
established, using a mechanical jig to precisely align the shields. Since the hexads must
be interchangeable, the corresponding sets of shields in the beehive must be well aligned in
position and angle. Relevant thermal and mechanical tests of the various components have
been carried out.

5.4.2.5 HPD Insulation

In the initial design, the upper electrodes of the PP0380 HPD were not insulated and the
20 kV voltage was supplied by a lead wire running along the tube (see Fig. 5.17). Such
HPDs work well when operated at a sufficient distance away from any other metal objects.
However, we discovered that we could not operate them reliably inside magnetic shields,
which, for practical reasons, must be grounded. Painting the HPD with corona-suppressant
material and using layers of kapton did not cure the HV breakdowns. We were able to
eliminate them only by potting the entire gap with insulating material. This led to a slight
redesign of the HPD. All tubes are now required to have an insulating layer to cover the
upper part of the HPD. The 20 kV wire is completely encased inside the insulator layer.
Fifteen tubes with this encapsulation have recently been delivered to Syracuse University
and tests show that the potting has eliminated the HV breakdown.

5.4.2.6 Characterization of HPDs

A total of 15 HPDs have been delivered to Syracuse University. Each HPD delivered has
been tested for high voltage behavior, pixel diode performance, mechanical tolerance, and
optical characteristics. A characterization database is kept on all HPDs, which includes the
DEP measurements of quantum efficiency and leakage current per pixel. All HPDs are tested
at 20 KV, in contact with a magnetic shield, as required by the system design. All HPDs
are flashed by an LED light source at two intensities to confirm basic pixel operation (no
dead channels have been found). The mechanical dimensions are also measured. All HPDs
are within specification except for the outer diameter which is slightly larger than specified
due to the eccentricity in the insulation material. This has been compensated for in the
mechanical design of the mu-metal shields.

5.4.2.7 High Voltage Distribution

See Section 5.3.8 for details on the HV system design.
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5.4.2.8 HPD Front End Readout

We have obtained 15 VA BTeV hybrids. Their basic functionality has been tested. The
intrinsic noise of the ASIC is also within specifications, as indicated by a pulse height scan
of the channels (see Fig. 5.36). We have also performed initial tests where we pulse the HPD
with an LED light source which is tuned to produce an average of 1 photo-electron per pulse.
The response of the tube indicates that it is sensitive to single photons. Additional studies
of the hybrid are in progress.

Figure 5.36: Threshold scan with the calibration pulse of one of the channels on the first
BTeV RICH front-end hybrid board. The three curves correspond to three different settings
of the discriminator threshold. From these curves we measure the electronic noise to be
σ = 300 electrons.

5.4.3 Mirrors

We have developed techniques for investigating the optical qualities of mirror segments. We
have obtained two mirror prototypes, each with a diameter of 60 cm and a radius of curvature
of 660 cm, which is similar to the required radius for the BTeV RICH. One of the mirrors
is made out of 6 mm thick Simax glass (4.7% of X0) and the other one of a thinner 2.2 mm
glass substrate reinforced by two carbon fiber shells with a foam core (2.4% of X0)

2 (see

2The foam width is irregular and goes from 0 mm (at the edge) to 20 mm (in the center).
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Fig. 5.37). These mirrors were studied at Syracuse, and both mean radius and spot size
measurements were performed. The details of these measurements are discussed below.

Figure 5.37: Two photographs, side-by-side, of the Turnov mirror prototypes (60 cm in
diameter, 6.6 m in radius). The glass mirror is shown on the left. The glass-carbon fiber
mirror is shown on the right. These mirrors will be used in the RICH beam test next spring.

5.4.3.1 Measurement of Radius of Curvature and Spot Size

The mean mirror radius can be measured using the basic optical equation for the spherical
mirrors, which is given in terms of the radius of curvature R, mirror-object distance (s) and
the mirror-image distance (s′):

2

R
=

1

s
+

1

s′
, (5.1)

A test-stand which included an optical bench, a three-point mirror holder, and a point
light source, was developed to measure the radius of curvature and spot size. The point
source illuminated the mirror and the reflected light was collected by a digital camera. To
facilitate the measurements, the camera and the point source were put on the same plane
perpendicular to the optical axis (see Fig. 5.38).

To measure the mean radius Rmean, we adjust the separation between the point source
and camera until the spot image is at its minimum size. At this point, the mean radius
Rmean = s = s′. The minimum size of the spot image is called the spot size. Figure 5.39
shows the spot image for the glass mirror.

The intensity I(x, y) (in ADC counts) detected in each of the Nx × Ny pixels is used
to construct a quantity, PD, defined as the percentage of the reflected light into a circle
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Figure 5.38: Procedure to measure the spot size.

Figure 5.39: Spot image from the glass mirror. The visible diameter is ∼3 mm.
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of diameter D with respect to the total measured light. The radius of the image at which
PD = 0.95 is the aforementioned spot size, hereafter referred to as D95. The center of the
image is computed using an intensity weighted average of the x and y pixels’ positions (the
so-called “center of gravity”).

Neither the center of gravity nor the spot size can be determined reliably if the pixels are
saturated. The pixels saturate when the light intensity is too high. On the other hand, it is
necessary to have sufficient intensity in order to accurately measure the tails of the intensity
distribution. To account for saturated pixels, we developed an algorithm to merge four spot
images taken at different light intensities into a single image.

We have applied this technique to both prototype mirrors. Here we show the results for
the glass mirror only. Figure 5.40 shows the contribution of each one of the four images to the
total one (left), and pixel values distribution across one row (right). Figure 5.41 shows the
percentage of the focused light as a function of the spot diameter D. This method of merging
the four images was demonstrated to converge by taking a fifth image at a higher intensity
and merging it with the other four images. The resulting D95 value came up consistent with
the previous measurement using four images.

Figure 5.40: Four images merged into one. Two-dimensional spot image (left), pixel value
distribution across one row (right). The different images are shown with different line styles.

Using this measurement process, we studied the glass and CF mirrors by measuring the
mean radii and spot sizes. The results are summarized in Table 5.2.

The spot-image of the composite mirror (CF) showed 6 spikes (see Fig. 5.42), which
are an odd feature not observed with the glass mirror. These spikes could be removed by
masking off an ∼5 cm annulus near the edges of the mirror. Thus, we concluded that the
mirror edges had been distorted.

Similar tests were also performed at a test setup developed by the CERN-TA2 group.
The measurements for the glass mirror agree very well, however, for the composite mirror,
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Figure 5.41: Percentage of focused light (PD) as a function of spot diameter..

Figure 5.42: Spot image from the composite mirror without hiding the edges.
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Table 5.2: Mirror test results.

Firm Spot size (mm) Mean radius (cm)
IMMA (Glass) 2.97 659
IMMA (CF) 4.10 648

there seems to be some defects which developed either through some aging effect or through
the mishandling of the mirror. Some changes had already been noticed even before their
shipment to Syracuse. The glass mirror was used in the test beam of the RICH prototype
(Section 5.4.1.5).

5.4.3.2 Mirror Mechanical Support

We currently plan to attach the mirrors to a panel using three kinematic mounts attached
to three points. One of these points will be a fixed mount, a second will act as a free mount,
and the third will allow pivotal motion (see Fig. 5.43). Table 5.3 shows the composition of
each mount.

Table 5.3: Basic mirror mount information.

Components Material Fixed Mount Free Mount Pivot

Spherical bearing housing Polycarbonate
√ √ √

Spherical bearing Polymer
√ √ √

Threaded rod Aluminum
√ √ √

Nuts Aluminum
√ √ √

Fixed tap insert Polycarbonate
√

x x
Pivot block Polycarbonate x x

√

Split pivot block housing Polycarbonate x x
√

Dowel pin Polycarbonate x x
√

Prototype mirror mounts have been machined at Syracuse and tests have been done
to check the adjustment of all three mounts. We have checked that the positions can be
adjusted to the required level of 0.004” and that there is minimal cross-talk. That is, when
adjusting one mount point, the other two do not migrate significantly from their set position.
A summary of the tests performed is given in Table 5.4. The uncertainty on the mirror mount
adjustments and the cross-talk measurements is of the order of the dial indicators precision.

This mounting scheme was successfully used in the test beam of the RICH prototype
(Section 5.4.1.5).
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Figure 5.43: Mirror mount components and locations.

Table 5.4: Tests performed on the prototype mirror mount.

Pivot (A) Free Mount (B) Fixed Mount (C)

Adjustment to 0.004”
√ √ √

Cross-talk (10−3”)
Move A by 0.24”
δB=3 δC=2.2

Move B by 0.3”
δA=3.5 δC=1.2

Move C by 0.28”
δA=-6.0 δB=-7.0

5.4.3.3 Ronchi Test Of The Test Beam Mirrors

To probe the mirror quality, we performed a Ronchi test. We used a point source, placed
approximately at the center of curvature of the spherical mirror, and a Ronchi grating of 50
lines/inch was used. It was positioned near the focus and in the path of the reflected light.
The outcome of this test is a combination of fringes with a shape dependent on the mirror
aberrations. These fringes would appear straight if the mirror were perfectly spherical. Any
deformations of fringes is the result of deviations from an ideal spherical shape. This test
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was done for both testbeam mirrors, where the recorded pictures are shown in Fig. 5.44.
For the glass mirror, the image shows clear zonal features (concentric rings), presumably
associated with the grinding and polishing of the mirror. Aside from the zonal features,
spherical aberration and possibly coma seem to be predominant. For the composite mirror,
the aberrations seem to be somewhat irregular with the edge not clearly defined (odd features
near the edges are also apparent when looking at the spot image). A spherical aberration is
the most likely explanation for this observed Ronchi pattern.

Figure 5.44: Ronchi test for the CF composite mirror (left) and the glass mirror (right).

5.4.4 Liquid Radiator

5.4.4.1 Liquid Radiator Versus Aerogel Radiator

As discussed in Section 5.3.1, we have determined from a detailed simulation that an aerogel
radiator provides poor separation of kaons from protons below kaon radiation threshold (9
GeV/c). The initial simulations of the aerogel radiator neglected backgrounds from minimum
bias events and from photon conversions in the BTeV detector components (beam pipe,
tracking system, RICH radiators). While an aerogel radiator has been successfully used
in the HERMES experiment, their events typically contain only ∼1-2 charged tracks as
compared to ≈80, on average, for the BTeV RICH. Thus, the positive experience with an
aerogel radiator in HERMES was found not to carry over into the BTeV event environment.
We therefore replaced the aerogel radiator with a C5F12 liquid radiator. Photons are detected
using conventional 3” PMTs which cover the side walls and top and bottom of the vessel
(see Fig. 5.1). It should be noted that although some liquid photons do reach the mirror
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(about one third), they are imaged outside the instrumented area of the MAPMT planes
and therefore do not contaminate the gas ring images.

To determine whether a C5F12 liquid radiator system could provide adequate K/p sepa-
ration, we simulated a RICH consisting of a 1-cm thick radiator and 3” PMTs on the side,
top and bottom walls. Simulations of the liquid radiator performance for a sample of low
momentum (< 9 GeV/c) kaons and protons are compared to the simulations of the aerogel
radiator in Fig. 5.45. For aerogel (top picture) the distribution of protons in the particle
identification variable (see Section 5.7.2) is essentially indistinguishable from the distribution
obtained for kaons. For the same sample of events and tracks, the liquid radiator (bottom
picture) produces a meaningful separation of these two particle species.

Aerogel rad.

Liquid rad.

K p

K p

Figure 5.45: Performance of the RICH detector with an aerogel (top) and liquid C5 F12

(bottom) radiator on a sample of low momentum (4-9 GeV/c) tracks. The events include
one bb̄ event and an average of two minimum bias events. Solid histograms show the kaon
distribution and dashed histograms show the proton distributions.
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We also simulated 2” diameter PMTs which would improve the photon position reso-
lution, but would cost ∼50% more with only a 20% improvement in the total Cherenkov
angle resolution per track (5.3 mrad for 2” tube versus 6.0 mrad for a 3” tube). Since the
separation is ≥3 standard deviations using the 3” tubes, they are taken as our baseline
choice.

5.4.4.2 Selection of PMT Manufacturer

Figure 5.46: Photograph of 3” 8-stage PMTs from Hamamatsu and Burle.

Because of the large number of PMTs needed, minimizing the cost per PMT is essential.
The cheapest PMTs with single photoelectron capability are conventional head-on tubes,
with an 8-stage box dynode structure which are produced in large quantities for use in
medical applications (Gamma Cameras). With a HV around 1 kV, their gain is on the order
of a few times 105 and they have a collection efficiency well above 90%. A standard bialkali
photocathode with a borosilicate glass window provides a peak quantum efficiency around
30%. The dark count rate is orders of magnitude below the level that would impact RICH
performance.

At present, we are in contact with four different manufacturers which make such pho-
totubes in a 3” size: Burle, Electron Tubes, Photonis and Hamamatsu (for examples see
Fig. 5.46). We have tested sample PMTs from these manufacturers in order to establish
single photoelectron detection capability and efficiency loss in a weak magnetic field. All
tested tubes showed good separation of the single photoelectron peak from the pedestal in
the pulse-height distribution, as illustrated in Fig. 5.47.

A possible mounting scheme using injection-molded fixtures to position a PMT inside the
mu-metal shield is shown in Fig. 5.48. We are also considering integration of the mounting
fixture with the HV divider board.
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Figure 5.47: Pulse-height spectra obtained with various 8-stage 3” PMTs which are exposed
to an attenuated LED light source. The single photoelectron peak is clearly visible for each,
with a good peak-to-valley ratio.

Figure 5.48: Possible mounting scheme for 3” PMTs in their magnetic shields.
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Calculations of the fringe magnetic field of the BTeV dipole analysis magnet predict fields
up to 14 Gauss in the PMT region. The transverse component of the magnetic field can be
easily suppressed by placing the PMTs inside 1 mm thick mu-metal tubes. Shielding of the
longitudinal component is more difficult. Simulations were used to determine that we can
extend the shielding tubes only as far as 2 cm beyond the photocathode without substantial
light loss. Some tubes show more sensitivity than the others, as illustrated in Fig. 5.49.
Since cross-calibration of the counting rates between different PMTs has not been done yet,
we are not ruling out use of any of these tubes at this point.
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Figure 5.49: Dependence of the counting rate of 3” 8-stage PMTs from various manufacturers
on the longitudinal magnetic field, shielded by 1 mm mu-metal tubes extending 2 cm beyond
the photocathode. All counting rates were normalized to 1 for no magnetic field applied.

It will be important to compare various PMT models in their single photon counting
efficiencies, which factor in the quantum and the collection efficiencies. Since tube-to-tube
variation is expected even from a single manufacturer, such studies need to be performed on
a large sample of phototubes. We plan to order about 16 PMTs from each vendor, test them
on a bench, and later, construct an array that together with the liquid radiator prototype
will be studied in a test beam.

We are also exploring with the manufacturers various options for the PMT package. In
one scenario, PMTs would be delivered with flying leads. We would develop our own HV
divider boards and mechanical support mechanism. It is likely, however, that we will have
the manufacturer deliver the tubes already integrated and tested with the HV divider boards.
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Another possibility is that the mechanical support would be built into these boards. More
interactions with the manufacturers are needed to determine the most cost effective solution,
which may be different for different vendors.

5.4.4.3 PMT Readout Electronics

Since the output signals from the liquid radiator PMTs and the MAPMTs considered for the
gas radiator will be very similar, we plan to adopt the MAPMT readout architecture (see
Sec. 5.4.1) to readout the PMTs as well. One front-end board is likely to serve 64 PMTs,
with signal cables soldered on both ends (to minimize costs associated with connectors). A
different layout of the input traces to the analog part, or a dedicated interface board will
need to be developed.

5.4.5 Radiation Damage Studies
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Figure 5.50: Transmission measurements for various samples of window materials for pho-
todetectors before (solid lines) and after (dashed lines) 10-15 krad of radiation. The quartz
sample was supplied by Electron Tubes. The UV glass and borosilicate glass window samples
came from Hamamatsu. The borosilicate glass from Burle and Photonis gave similar results
(not shown).

The photon detectors and their readout electronics are situated beyond the aperture of
the detector, and therefore are shielded from the interaction point by the dipole magnet
elements. Our simulations indicate that the flux of slower particles bent by the magnet
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onto the PMT array will produce a delivered dose of up to 1 krad/year in the hottest spot.
Radiation levels in the HPD area will be lower by a factor of 20. We are conducting our own
radiation damage studies for PMT windows and materials that we are considering for the
gas vessel window (e.g. UVT acrylic). Transmission curves measured at Syracuse for various
materials provided by prospective vendors are shown in Fig. 5.50 (solid lines). The samples
were exposed to a radiation dose of 10-15 krad by spray from the Tevatron Booster. This
dose is equivalent to about 10 years of PMT exposure in the hottest locations (200 years for
MAPMT arrays). The spray consists of a mix of moderate energy (an MeV to a few GeV)
protons, neutrons and gammas. The transmission curves have been remeasured (dashed
lines). The borosilicate glass shows a few percent loss of light (the sample developed a visible
tint). A smaller deterioration is observed for the UV glass (the sample from Hamamatsu).
No change in transmission properties of UVT acrylic have been detected. The quartz also
shows no deterioration, as expected. The samples will be exposed to a higher radiation dose
and their transmission will be again remeasured.

5.5 Planned R&D

Many of the technical challenges of the RICH have been addressed over the last several
years through extensive R&D. Individual components and subsystems of the RICH have
been tested on a bench and function in accordance with the design specifications. System
integration and tests in realistic beam conditions were initiated with the test beam of the
gas RICH prototype, which started in June 2004 (Section 5.4.1.5). Another round of data
taking is scheduled for January 2005. A beam test of the liquid radiator system is expected
to occur later in 2005.

5.5.1 Further Beam Test of the Gas Radiator RICH

A beam test of the gas RICH system, including the gas radiator, a mirror tile and photode-
tectors started in June 2004. In addition to the system integration, the beam test goals
include verification of our calculations for the expected light yield and Cherenkov angle res-
olution. The initial test beam results are described in Section 5.4.1.5. The first test beam
data demonstrated that the MAPMTs with the FE hybrids deliver the expected Cherenkov
photon yield. The C4F8O was demonstrated to be suitable gas radiator. The multiplexer
boards have not yet been tested in beam conditions. The readout chain, which includes
the multiplexer boards is being now programmed and bench tested at Syracuse. It will be
tested in a beam in January 2005. Further optimization of the FE hybrid boards to broaden
the operating point is also in progress. The next round of data taking will facilitate simul-
taneous readout of a larger number of MAPMTs and a much improved triggering scheme.
Thus, achieved Cherenkov photon yield and angular resolution will be tested with improved
sensitivity. The other ongoing R&D effort is focused on the exact design for the mumetal
shielding for the MAPMTs.
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An alternative HPD-based system has been also developed. We have enough HPDs and
FE readout boards in hand to proceed with an HPD test beam if necessary. All elements
were tested on a bench and performed well. The HPD test-beam array consists of 15 HPDs.
The simulated test-beam data are shown in Fig. 5.51. Only locations along the Cherenkov
ring are filled with photodetectors. The HPD mechanical support structure for the test beam
has been fabricated and will fit the existing test beam enclosure. Given limited beam access
time, we are concentrating on testing and optimizing the MAPMT-based system. If the
baseline choice of photodetectors changes, we can resume HPD testing without much delay.

5.5.2 Beam Test of the Liquid Radiator RICH

The Syracuse group has dealt with liquid radiators in the R&D work for the CLEO III RICH.
Some equipment and radiator prototypes from that work will be adopted for initial studies
of the C5F12 liquid.

The design of the liquid radiator is discussed in Section 5.3.2. One module of the liquid
radiator (Sec. 5.5.2) and an array of PMTs (Sec. 5.4.4.2) will be exposed to a test beam in
2005. They need to be connected by a light-tight arm, which does not need to be hermetic
since the medium inside can be air. A test box which will support the liquid radiator and
the PMTs will need to be designed. The readout electronics will use the same architecture
as the MAPMTs, except for the details of the lead connections from the PMTs to the analog
front end of the readout chip. These aspects will be addressed in the upcoming year.

In addition to the nominal separation and orientation of the radiator and the PMT array,
we will also investigate much larger lever arms to confirm the size of the chromatic effects.
Since the test array will contain a much smaller fraction of the Cherenkov image than the
full size PMT array, Monte Carlo methods will be used to extrapolate the test beam results
to the full detector design.

5.5.3 R&D on Mirrors

The design and specifications for the RICH mirrors are discussed in Section 5.3.4. As part
of our R&D effort, we are investigating various technological choices. One relatively cheap
and well established technology choice is to use a glass mirror. Typical glass mirrors would
introduce about 5% of a radiation length (X0) in front of the EM calorimeter. They would
also require a heavy support structure. We are therefore investigating alternative mirrors
which use lower radiation length materials, such as carbon fiber. Carbon fiber (CF) mirrors
as thin as 0.8% of X0 can be built [14].

To this end, we contacted several US companies (CMA, COI, Hextek, Opticon, GMO) and
international companies (St Petersburg Research Institute for Space Optics (Russia), IMMA
(Czech Republic)) which are well known to produce both composite mirrors and/or glass
mirrors. Price quotations for the full mirror system were obtained from several vendors. The
decision of which technology choice is driven by cost and tests performed on sample mirrors
obtained from competing vendors. The tests include the spot size and radius of curvature
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Figure 5.51: Cumulative display for many simulated events for the HPD test beam prototype.
Individual pixel location for the deployed HPDs are shown. Filled pixels represent light
intensity integrated over a large number of overlapping Cherenkov rings from beam particles.
Compare to the test beam data obtained with the MAPMT system shown in Fig. 5.32.
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measurements, a Ronchi test, reflectivity, and response to humidity. We will also expose the
sample mirrors to radiation at levels of 1 times and 5 times their expected dose, and repeat
the above tests. Tests of prototype mirrors from IMMA are described in Section 5.4.3. The
glass mirror from IMMA was used in the test beam (Section 5.4.1.5). A prototype CF mirror
with smaller radius of curvature than the design value has been recently fabricated for us by
CMA. It will be soon tested at Syracuse. If these tests are successful, we will proceed with
ordering a full size mandrel and a few mirror tiles with the nominal dimensions.

5.5.4 Mirror And MAPMT Plane Alignment

Proper alignment of both mirrors and detection plane is a complicated task which is im-
portant to achieve the required Cherenkov angle sensitivity. In the current design, we have
two arrays of spherical mirrors each one having 19 full hexagons (64.2 cm side-to-side), 4
half hexagons and 7 hexagons missing one edge-triangle. These segments will be attached
to individual support panels using three kinematic mirror mounts (see Section 5.4.3).

There are two aspects which need to be considered with respect to alignment. First, there
is the initial alignment of the mirror array when the detector is installed, and the second is
the continuous monitoring of the alignment during the life of the experiment. The initial
alignment will depend on whether the pixel system and the straws upstream of the RICH are
already installed in the spectrometer. If they are not, we will be able to locate the mirrors in
the RICH vessel and align them in their final position. If the upstream detector components
are installed prior to the RICH, alignment in place is more difficult.

For the initial alignment, we first mount the mirror array and allow the system to settle
(due to its own weight). The LHCb RICH group observed that the main relaxation of their
system, especially the screws, occurs during the first 5 days. Of course this depends on the
rigidity of the system and if heavy glass or lightweight carbon fiber mirrors are used. The
position of the array can be monitored to see when it has finished settling. After it has
settled, we first perform a visual alignment of each individual segment followed by a fine
adjustment. We envisage two scenarios depending on when the RICH would be installed.

If the RICH is installed prior to the pixel system and upstream straws, the mirror-to-
mirror alignment can be done by placing a collimated light source at the interaction point
and minimize the spot image off to the side of the magnet. A layout showing the ray optics is
shown in Fig. 5.52. Two rays segments, originating from the interaction point, and focused
at the radius of curvature, are indicated in the figure. Once the detection plane is installed
we can do a global alignment and fine adjustment after installing the monitoring system
which is described later in this section.

If the RICH is installed after the pixels and straws, we will likely have to perform the
mirror-to-mirror alignment outside the C0 hall inside the RICH box, and then perform a
global alignment after moving the whole structure to the C0 hall. In this case the mirror
will be put in a thin mylar bag to keep them dry. The fine mirror adjustments can be
done after installing the monitoring system, which is described later in this section. For
the mirror-to-mirror alignment, we have considered two possible alignment schemes. Both
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Figure 5.52: Plan view of detector showing optical ray traces which can be used to align
each mirror tile.
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require roughly 7 meters perpendicular to the mirror plane. The first method requires a
point source and a CCD camera. These two will be used for mirror quality testing prior
to the installation. As shown in Fig. 5.53, a theodolite will be employed to determine the
desired center of curvature of the mirror to be aligned. The center of the point source and
the CCD camera are then sited at this point. If the mirror is perfectly aligned, the image of
the laser point source will be at the center of the CCD screen. By visual inspection, one can
determine the displacement to the order of 1 mm, corresponding to a tilt angle of the mirror
of about 0.1 mrad. The alignment can be greatly improved by using an online program
which computes the center of gravity of the image. This method provides a continuous view
during adjustment. It also allows for monitoring over longer periods of time to check for any
possible long-term migration.

Mirror

➵
Light source

❂

CCD camera

α1

α2

Figure 5.53: Mirror alignment using point light source and CCD camera.

The second method is to use a theodolite directly with the function of “auto-collimation”
as shown in Fig. 5.54. This method was used by the COMPASS experiment [15]. The auto-
collimation function is for the perpendicular alignment of a plane mirror. It works in a
similar fashion for a spherical mirror, since we can place the theodolite at the desired center
of curvature. The observer brings a projected reticule into alignment with the standard
reticule. Misalignment of the mirror causes the reticules to be displaced with respect to one
another. The method could provide much superior precision than the first method.
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Figure 5.54: Mirror alignment using a theodolite.

Because the alignment of the mirror system is a critical to achieving the required
Cherenkov angle resolution, the mirror positions will be monitored throughout the life of
the experiment using an online monitoring system.

We can use collimated light sources for each mirror segment and the reflected light can be
read out using the MAPMTs (or HPDs). From an optical point of view, the best position of
the light source would be at the entrance window. On the other hand we have to minimize
the radiation length of material in the detector volume. Another possibility is to attach
optical fibers on the corners of the mirrors, and have them directed toward the MAPMT
plane so that they mimic reflected photons.

Figure 5.55 shows a possible better solution. This solution entails mounting collimated
light sources on the top and bottom of the front window. Simulations show that it is possible
to place these LED’s in predefined positions and directions so that mirror tiles can be aligned
individually. The light source could be an array of LEDs with suitable collimators. The
collimation could be achieved using a set of holes drilled into a plate and the angles of the
holes could be chosen to illuminate specific mirrors. The hole could be made relatively small
to create a relatively narrow beam of photons. In this model, the light hits the mirrors at
more of a glancing angle.

Using the readout from the photodetectors, one can track changes in alignment of both
the mirrors and MAPMT’s. To determine which system has moved (in the case that a
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Front window

Figure 5.55: Alignment scheme using collimated light sources mounted on the top and bottom
of the front window. The arrow originating from the front window represents a focused LED
ray which reflects off a given mirror segment and is detected in the photodetection plane.

relative motion is detected), we can have separate light sources for monitoring the MAPMT
arrays position. Alternately, we can rely on alignment of the MAPMT plane with the same
method as alignment monitoring of support structure described above. The main difficulty
of this method is to to ensure the direction of the light source is as stable as the detector.
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5.6 Production Quality Assurance and Testing

The RICH detector is a critical component of the BTeV detector, and it is important that
all the major components are thoroughly tested. In some cases, components will be tested
at several stages in the fabrication process. In this section we describe the quality assurance
and testing which will be done for the primary components of the RICH. In particular, we
discuss:

• Photon Detectors for gas system (MAPMTs or HPDs)

• Photon Detectors for liquid system (PMTs)

• Readout Electronics

• Mirror Tiles and Array

• Liquid and Gas Radiators

• Power Supplies

• Cabling

• Cooling System

5.6.1 Photon Detectors for Gas System

The single most costly item for the RICH are the photon detectors, and it is therefore
critical to ensure their long-term success. In the RICH design, we will be prepared to use
either Multi-anode Photomultiplier Tubes (MAPMTs) or Hybrid Photodiodes (HPDs) for
detecting photons from the gas radiator. We therefore present both scenarios below. The QA
program will progress from basic functionality tests toward a configuration which resembles
true detector operation. The tests will be performed at Syracuse University, which will have
several areas equipped with small to large dark-boxes which will be used for these tests. If
necessary, additional test-stands can be constructed and commissioned within a matter of a
few weeks.

5.6.1.1 MAPMT Testing

The MAPMT tests will utilize three test stations, two for certification and one for long-
term stability. The two stations for certification should reduce potential bottlenecks in
the certification process. The basic MAPMT multiplet consists of 16 MAPMTs connected
to a voltage divider base board, which is in turn connected to two VA MAPMT hybrids.
The hybrids are connected to a multiplexer board which interfaces to the PC through a
custom PCI interface. MAPMTs are grouped initially according to the measured average gain
provided by Hamamatsu. The various test boxes are light-tight and contain the MAPMTs,
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hybrids and multiplexer(s) (MUX). Several feedthroughs are used for various cables including
low voltage power, MAPMT high voltage, fiber light source and digitial I/O cables.

In this first QA station (#1), we illuminate the MAPMTs uniformly using a pulsed
LED light source which is connected to a leaky optical fiber. We measure the response of
each channel as a function of high voltage (the so-called plateau curve). Fig. 5.56 shows a
cartoon of the setup. The PC controls the HV supplies, the LED pulsing system, the DAQ
readout and information on the LED current. The LED voltage is tuned to provide about 1
photoelectron on average per 500 ns into each MAPMT channel. The data are immediately
analyzed to determine the plateau region for each channel from which a suitable operating
point for the multiplet is determined. Assuming the gains provided by Hamamatsu are
accurate, the tubes should all plateau within ∼ ±20 V of one another. Tubes which do not
plateau near a common voltage are removed, replaced and retested. All data and summary
plots are saved to an electronic logbook. Our initial tests of 52 MAPMTs provided by
Hamamatsu showed a clear correspondence between their measured gains and the plateau
voltage. We expect this test to take about one hour.
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Figure 5.56: Cartoon of MAPMT QA Certification Test Station #1.
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In the second QA station, we perform an XY scan to test the uniformity of response across
the MAPMT multiplet. QA Station#2 is similar to QA Station #1, except it is equipped
with a controllable XY stage to which a single mode fiber and collimator is attached. The
LED voltage is set to provide one photoelectron per 500 ns, on average, and the spot size
of the fiber on the face of the MAPMT is about 100-200 µm. With the HV and threshold
fixed, we measure the response of all channels using a scan grid of 32x32 points. Using
a pulse rate of 10 kHz, 500 ns width, and a 5 second sampling time gives a response of
around 20,000 counts. An offline program will provide quick feedback on the uniformity of
the MAPMT multiplet. All data and summary plots are saved in the electronic logbook.
The time required at QA Station#2 is about 3 hours, which includes an hour of setup and
breakdown. We therefore estimate a total of 4 hours for the certification testing.

In the long-term testing (ie., burn-in), we form a larger multiplet, which consists of a
49×4 array of MAPMTs. Prior to attaching the MAPMTs/baseboard assembly, the hybrids,
MUX’s and cooling lines are attached to the channel. The entire assembly is about 5 feet
long and is placed in a large darkbox containing feedthroughs for the low and high voltages,
communication cables, cooling and the light pulsing system. The entire array is illuminated
using a leaky optical fiber and read out via the DAQ PC. We monitor the LED current and
the response of all channels as a function of time over the course of about 2 weeks. The
average and RMS count rate are monitored for stability with respect to the LED current (and
hence light output), which may vary slightly with time. A change in the LED light output is
also characterized by an increased response of all channels, and is therefore straightforward
to diagnose. Once the array has passed the burn-in test at QA Station#3, it is stored with
all of its associated electronics in a designated storage area. Tubes which do not exhibit
stable behavior are replaced with spare tubes which have passed certification testing, and
the channel is retested.

5.6.1.2 HPD Testing

The issues for the HPD testing are similar to the PMTs. The initial tests of the HPD will
be performed on each device as a single unit. The data from each step will be recorded in
an electronic logbook for ease of tracking the testing history for each tube. The initial tests
on the HPD include:

• High Voltage and Silicon Bias Checkout: In this first test, the HPDs will be placed in a
mu-metal shield and the 3 high voltages (20 kV, 19.89 kV and 15.8 kV) and the silicon
bias voltage will be applied. The current draw on each supply will be monitored to
make sure it’s stable and within specification. The HV supplies are expected to draw
almost no current, and the silicon bias typically draws 10 nA of current, and should
not exceed 20 nA.

• Photocathode Sensitivity Test: Here, we want to demonstrate that the photocathode
is sensitive to single photons. The HPD face is illuminated using a blue LED located
precisely 6 in. from the front face and centered at radius R=0 with respect to the
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center of the tube. The current through the LED will be set to a predetermined value
and the current drawn in the silicon bias supply and the hit pattern will be recorded.

• Focusing Test: The goal here is to demonstrate that the electrostatic focusing is work-
ing properly. This test will consist of an XY scan of the face of the HPD using a blue
LED and optical fiber. A total of 163 points are used in the scan, and each point
should illuminate (primarily) a single pixel. An offline program quickly analyzes the
data to check that the inferred position of the light source based on the responses of
the pixels is consistent with the position provided by the readback of the XY stage.
The program will also compute the RMS spread in positions of hits and this should be
consistent with the expected spread.

The aforementioned tests will be carried out in the Quality Assurance Test Station shown
in Fig 5.57. We expect these certification tests to take about 3-4 hours per tube.

Figure 5.57: HPD Quality Assurance Test Station.

Once the tubes have passed these single tube tests, a HEXAD, consisting of six HPDs
in a hexad structure will be produced and tested (see Fig 5.21). The hexad will be in its
mu-metal beehive mounting structure by this point. The hexad is mounted in a burn-in test
box. The burn-in test-stand will be equipped with the VA BTeV readout electronics and
controlled using LabView. The six HPDs will be each pulsed with a blue LED and read out.
This test will run continuously for 2 weeks, and we will monitor the following quantities:

• Current through each LED

• silicon bias current

5-75



• current draw on HPD high voltages

• Count rate per pixel

• RMS variation in count rate per pixel

The data for these runs will be stored in a file which will be retrievable through the
electronic logbook.

5.6.2 Single Anode PMT Tests for Liquid System

The single anode PMTs are used for the liquid radiator system. The QA tests are analogous
to those for the MAPMTs, except we expect that a single test box for certification will be
sufficient. If we need to parallelize the certification testing, we can implement a second test
box within a month. For the certification test box, we use two separate LEDs, one connected
to a diffused light source and a second connected to a single mode optical fiber on an XY
stage, each selectable via an external switch. Thus, we are able to provide either a diffused
light source, or a narrow point source for XY scanning. The mechanical unit for the 3”
PMTs consists of an 8×8 array of PMTs, which are grouped according to the manufacturers
measured gain. The array is pre-assembled with the PMT HV leads connected to a local HV
distribution and the signal cables already route to a 64-channel hybrid. The array will be
mounted in the vertical orientation and illuminated using one either the diffuse light source
for plateauing the tubes or the collimated source for XY scanning. The readout follows the
same scheme as the MAPMTs, except each MUX accomodates up to four hybrids, instead
of two. As with the MAPMT, we first measure dark-count subtracted response as a function
of HV and confirm that all the tubes in the group of 64 plateau at a similar voltage (within
∼ ±20 V). Once the tubes are plateaued, we switch to the second LED and perform an XY
scan. The grid will provide 14 points per tube, for a total of 896 scan points. As with the
MAPMT array, we expect this to take about 4 hours for this certification testing.

5.6.3 Readout Electronics

The Syracuse group is responsible for developing the front-end readout for the photo-
detectors, up to, but not including, the data combiner board. The Syracuse group has
been collaborating with IDE AS Norway to produce readout chips for the MAPMTs, HPDs,
and most recently for the single-anode PMTs. Each board received from IDE AS Norway will
undergo a set of functionality tests at Syracuse. The tests will be performed at frequencies
of 7.5 MHz and 2.5 MHz, corresponding to 132 ns and 396 ns crossing times of the Tevatron.
A database will be established which holds the information on all the boards/channels in
the system (∼165,000 channels). A photograph of the electronic test station is shown in
Fig. 5.58

The QA tests for MAPMT (or HPD) and PMT electronics include:
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• Noise test: For each board we perform a noise versus threshold scan. At the nominal
threshold, with no photodetector attached, the noise should be zero. Noisy channels
are flagged and saved in a database.

• Dead channels: To determine the number of bad channels, if any, we perform a coarse
pulse height scan. For the MAPMTs and single anode PMTs, the scan consists of first
injecting charge ranging from ∼20,000 to 200,000 electrons in steps of 20,000 electrons,
and then we inject a charge of 1 million electrons. All channels should turn on at a
similar level of injected charge, with the exact value depending on the threshold setting.
Bad channels are flagged according to whether they fail to turn on at 2x105 or 1x106

electrons. The number of dead channels is required to be less than 2%. The list of
dead channels for each board will be stored in an electronic logbook so that we can
track each board’s history. For the HPD option, a scan range of 1000-5000 electrons
is used, which covers the signal region of the HPDs.

Figure 5.58: Test-stand at Syracuse University for testing front-end electronics.

We expect the testing to take about 40 minutes per hybrid.
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5.6.4 Mirror Tile testing

The critical tests of mirror quality are that the radius of curvature and spot size are within
specifications. A description of these tests are given in section 5.4.3. The mean radius of all
mirror tiles must lie 697±3 cm, and the maximum shift of any tile from the mean is allowed
to be within ±3 cm. We also demand that the spot size is less than 2.5 mm. Simulations
show that with this spot size requirement, the loss in Cherenkov angle resolution is less than
5%. For each mirror, we will also perform a Ronchi Test, as described in section 5.4.3. As
shown in Fig. 5.44, an undistorted mirror will yield an image of the mirror with a vertical
pattern. Lines bowing inward or outward indicate that the mirror is parabolic or too flat.
A visual inspection of the Ronchi pattern will be performed and a digital image will be
recorded for each mirror tile and stored in an electronic database. We may also choose to
perform a Shack Hartman test on each tile, which can be used to measure the small mirror
distortions. In our request for quotations, we have asked that each mirror tile be tested using
a Shack Hartman sensor. These measurements can then be used in RICH simulations and
Cherenkov angle reconstruction.

We also require that the mirror to have an average reflectivity of ≥90%. The average
reflectivity will be measured by scanning a collimated light source over the surface of the
mirror and comparing the light yield collected by a PMT to the value obtained in the absence
of the mirror.

5.6.5 Liquid and Gas Radiators

Syracuse University and Fermilab will be responsible for the design, procurement, assembly
and testing of the gas and liquid radiators. This includes all the accessories, including moni-
toring devices and controls. Syracuse will be responsible for all aspects of transmission tests
on samples from several vendors. Syracuse University has available a spectrophotometer
which is capable of transmission measurements down to ∼150 nm, well below our sensitive
region (see Fig 5.59). The custom-built system consists of a Hamamatsu Deuterium lamp,
Oriel chopper, McPherson monochromator, Varian vacuum pump, vacuum-tight sample vol-
ume with provision for x-y movement of the sample and readout electronics. The system is
driven by a Labview-based DAQ. Fermilab will provide the necessary engineering expertise
for design of the vessels and the recirculation systems. The system will be reviewed by
physicists and engineers from Fermilab.

5.6.6 Testing of High and Low Voltage Power Supplies

The power supplies will also need to be put through some rudimentary tests to ensure their
reliable operation. These tests will be the responsibility of Fermilab. The power supplies will
be tested using a passive-load board which will provide resistive loads which are comparable
to the loads they will experience during data taking. Separate boards will be produced for the
low voltages (∼5V), the MAPMT/PMT voltages (∼1000V), and the HPD high voltages if

5-78



Figure 5.59: Transmission measurement setup.

necessary (∼20 kV). These board will have jumpers or switches which will allow for different
loads to be connected to the power supply. Two additional resistors, Ralarm, and Rtrip, will
be used to provide loads which, in the first case, should cause the power supply to go into
an alarm state, and in the second, cause a power supply (PS) trip. The following tests will
be performed:

• Measure the actual voltage versus the set voltage. Confirm that Vset = Vactual.

• Confirm that the readback (monitored), voltage (Vmon) also agrees with Vset.

• Measure the current as a function of applied voltage (confirm that it’s linear over the
full range of the PS), i.e., no sagging of the PS.

• Measure the readback (monitored) current Imon as a function of the actual current
(Iactual).

• Confirm that the PS alarm circuitry is working properly by connecting in Ralarm.

• Confirm that the PS trip circuitry is working properly by connecting in Rtrip.

• Check that the PS reset circuitry is operating properly. The reset circuitry re-enables
the PS so that it may be turned back on after a trip.
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• For silicon bias supply (HPD option only), measure the ripple on the 60V PS and make
sure it is within specifications.

• Check that the PS is floating. The power supplies will likely be required to be floating
with an optional jumper to connect the V- to ground.

• Confirm that the power supplies ramp up to the set voltage properly.

• Check that the ripple on the HPD 20 kV PS is within specification.

• Each PS will then be connected to a load board for 1 week and the output voltages
and currents will be monitored for stability. The PS voltages and currents are required
to be stable within specification.

5.6.7 High and Low Voltage Cables

The integrity of the high and low voltage cables will be established by Fermilab. Briefly, the
concerns are:

• Low voltage Cabling: The primary concerns are shorted or broken lines. After ter-
minating the cables, we will have an automatic cable-tester which indicates open or
shorted lines.

• High Voltage Cabling: After cables ends are terminated we will test them at 125% of
operating voltage. We will make sure there is no current draw on the cable when it is
unterminated at the far end.

5.6.8 MAPMT and PMT Electronics Cooling Cooling System

The VA BTeV electronics generate enough heat that water cooling will be necessary. For
MAPMTs, the voltage dividers will also need to be cooled. The single anode PMTs will
also need to be water cooled. Syracuse University and Fermilab will be responsible for the
design, procurement, assembly and testing of the cooling system and all the accessories,
including monitoring devices, cooling lines, and insulation. Fermilab will provide the nec-
essary engineering expertise. The system will be reviewed by physicists and engineers from
Fermilab.

5.7 Expected Performance of the RICH

Detailed simulations were performed to determine specifications of various detector compo-
nents as well as the expected physics performance. These various simulations are discussed
below.
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5.7.1 Detector Simulations

Simulations play an important role in developing specifications for various detector com-
ponents. Both the mirror system and the photodetector systems have used a simulation
of the RICH detector to develop specifications and determine the expected performance.
Simulation of events are generally handled using a version of GEANT (BTeVGeant) which
incorporates the BTeV geometry [19]. The RICH simulation takes from GEANT the list of
particles produced and generates photon hits in the photodetectors. The RICH simulation
accounts for geometrical losses due to acceptance, photo-conversion and collection efficiencies
of the photodetectors, optical characteristics of the radiating medium, and reflectivity of the
mirrors.

Results from this simulation were used to determine that an aerogel radiator would fail to
provide acceptable K/p separation, whereas a C5F12 liquid radiator provides ≥3σ separation
(see Section 5.4.4.1). Here we discuss the usage of this simulation in developing specifications
for the mirror system as well as its use in comparing different photodetector options.

5.7.1.1 Mirror Simulations and Specifications

The Cherenkov angle resolution which will ultimately be achieved will depend critically on
the mirror system. Each of the mirror tiles need to be uniform at a level such that all the tiles
together truly focus to at the focal plane. Any errors introduced as a result of the mirrors
being imperfect must not contribute significantly to the Cherenkov angle uncertainty.

The requirements on the mirror radius have been investigated by simulating an imperfect
mirror system. In particular, we simulate the effects of variations in the mirror radius within
a given mirror tile, as well as variations in radii between neighboring tiles. In the latter case,
differences in radii can be mostly corrected for in the reconstruction by using the track’s
momentum and the photon’s hit position to determine the most likely mirror from which
a photon reflected. By using this particular mirror’s radius of curvature in the particle ID
likelihood (see Section 5.7.2.1), we in part take out mirror-to-mirror radius variations. Large
differences are in radius from the nominal value will cause the photons to be imaged in front
of or behind the photodetection plane. These effects have been studied using the RICH
simulation. In the results presented here, unless otherwise noted, we use the “most likely”
mirror radius in the Cherenkov angle reconstruction.

In the first study, we changed the radius of curvature to a fixed value that differs from
the nominal value by an amount ±δR. Figure 5.60 shows the effect on the Cherenkov
angle resolution as δR is increased from 1 to 10 cm. The degradation in Cherenkov angle
resolution does not become an issue until δR ≥ 3 cm because ∼75% of the time we are able
to determine the correct mirror from which the photon was reflected and assign the correct
radius of curvature. Beyond 3 cm, the degradation worsens because the photodetector is
far from the focal plane of the mirror. These simulations lead to the requirement that the
variation in mirror radii is less than ±3 cm. A 4 cm shift variation in the nominal radius
produces about a 5% change in the Cherenkov angle resolution per track.
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Figure 5.60: Dependence of the Cherenkov angle resolution per track on deviations of the
radius of curvature δR from the nominal radius of 697 cm.

The effect on the Cherenkov angle resolution due to variations between neighboring tiles
has also been investigated using two different methods. In the first method, we uniformly
distribute tracks in a circle of radius 58 cm, so that Cherenkov photons are shared among
7 tiles (based on the default value of the hexagon side) as shown in Fig. 5.61. We then
simulate random variations in mirror radii by randomly varying, event by event, the radii of
the struck tiles within ±δR. The effect on the Cherenkov angle resolution is shown in Fig.
5.62.

The worst case scenario occurs, when a track radiates photons which are shared by three
mirrors. To probe this case, we generated tracks which pass through one of the corners of
mirror #1 (corner A) as shown in Fig. 5.61. We then set the mirror radii as follows:

• Mirror #1 is held at the nominal radius Rnom.

• Mirror #2 is held at Rnom + 1 cm.

• We vary the radius of mirror #3 by the amount +δR.

The effect on the Cherenkov angle resolution is shown in Fig. 5.63 (left). The first curve
(squares) shows the variation of the Cherenkov angle resolution when varying the radius
by an amount +δR, but assuming the nominal radius in the reconstruction. The second
curve (circles) shows the same variation when we use the radius of the mirror which was
determined by ray-tracing. It is clear that using the proper radius is extremely important.

To understand how quickly the resolution degrades when a track shares its photons with
3 mirror tiles with different radii, we simulated more extreme variations among the mirror
tiles. In particular, we simulated the following configurations:
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Figure 5.61: The mirror configuration used in the simulation.

Figure 5.62: Variation of the Cherenkov angle resolution per track for a random variation of
the radii of curvature for the 7 tiles.
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• Variation #1 (see Fig. 5.63 (right))

– Mirror #1 is held at the nominal radius Rnom.

– Mirror #2 is held at Rnom ± 3 cm.

– We vary the radius of mirror #3 by the amount +δR.

• Variation #2 (see Fig. 5.64 (left))

– Mirror #1 is held at the nominal radius Rnom.

– Mirror #2 is held at Rnom ± 4 cm.

– Radius of mirror #3 is varied by the amount +δR.

• Variation #3 (see Fig. 5.64 (right))

– Mirror #1 is held at the nominal radius Rnom.

– Mirror #2 is held at Rnom ± 5 cm.

– Radius of mirror #3 is varied by the amount +δR.

• Variation #4 (see Fig. 5.65 (left))

– Mirror #1 is held at the nominal radius Rnom.

– Mirror #2 is held at Rnom ± 6 cm.

– Radius of mirror #3 is varied by the amount +δR.

• Variation #5 (see Fig. 5.65 (right))

– Mirror #1 is held at the nominal radius Rnom.

– Mirror #2 is held at Rnom ± 7 cm.

– Radius of mirror #3 is varied by the amount +δR.

In each of these cases, we use the radius of the mirror inferred by ray-tracing in the
particle ID likelihoods. Based upon these studies, we require that all the mirror tiles have
an average radius of curvature which within ±3 cm of the nominal value.

We also investigated requirements on the spot size. The spot size is defined to be the
diameter of the circle in which 95% of the light reflected from the entire mirror is focused.
Unfortunately, a requirement on the spot size may not guarantee that the mirror’s distortions
can be neglected. In particular, the effect on the Cherenkov angle resolution will depend on
whether the distortions are random or correlated. For instance, point-to-point correlations
may degrade the Cherenkov angle resolution more than similar magnitude random variations.
We therefore have studied how various aberrations contribute to the spot size. In this study,
we simulate the spot size the same way we measure it, that is, on-axis. The effect of
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Figure 5.63: Left plot shows the variation of the Cherenkov angle resolution per track for
different radii of Mirror#3. Squares show the results if we use the nominal radius (697 cm),
and circles show the results when we use the inferred radius of the struck mirror tile. The
right figure shows a comparison in the Cherenkov angle resolution for +3 cm (circles) and
-3 cm (squares) shifts in the nominal radius (but using radius of inferred mirror tile in the
reconstruction).

Figure 5.64: Same as in Fig. 5.63 (right), except we shift mirror #3 by ± 4 cm (left) and
±5 cm (right).

the aberration is then propagated off-axis to simulate the effect on the Cherenkov angle
reconstruction.

We generate a spot image using a wavefront expansion, W(xm,ym), which is defined to be
the difference between the real surface and the perfect spherical surface, in terms of Zernike
polynomials. If we define the normalized coordinates, xm and ym, of the photon hit on the
mirror as shown in Fig. 5.66, the deviations ∆XD and ∆YD (see Fig. 5.67) of the photon
hit on the detection plane from its ideal position (if the mirror surface was perfect) are then
proportional to the derivatives of the wavefront W(xm,ym) via the following equations:
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Figure 5.65: Same as in Fig. 5.63 (right), except we shift mirror #3 by ± 6 cm (left) and
±7 cm (right).

∆XD = −d · ∂W (xm, ym)

∂xm
,

∆YD = −d · ∂W (xm, ym)

∂ym
. (5.2)

Here, d is the distance between the detection plane and the mirror. These deviations are
used to measure both the spot size and the Cherenkov angle resolution.

Figure 5.66: Definition of the normalized photon hit coordinates on the mirror.
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Figure 5.67: The deviations, ∆XD and ∆YD from the ideal image position as a result of an
imperfect spherical mirror.

The generation of the spot image using this wavefront can be done either as a random
variation of the reflection angle or as a function of some specific aberrations. Figure 5.68
shows the variation of the Cherenkov angle resolution per track for different spot sizes. For
random variations (filled points), there is a nearly linear correlation between Cherenkov angle
uncertainty and spot size. We also show in Fig. 5.68 the simulation results of the first few
Zernike terms that have non-negligible contribution to the Cherenkov angle resolution per
track, see table 5.5 for a list of the Zernike terms. Shown are the effects from (mis)focusing
and spherical aberration (top left), effects of coma (upper right) and secondary astigmatism
(bottom). It is observed that these correlated aberrations degrade the Cherenkov angle
resolution per track more than random variations. In each figure we also show the effect
of random variations. We therefore conclude that for a given spot size, random variations
generally give an optimistic Cherenkov angle uncertainty. Correlated aberrations produce
a significantly larger error in the Cherenkov angle for a given spot size. Although other
aberrations contribute to the spot size, their effect on the Cherenkov angle resolution per
track is found to be negligible. To ensure that the correlated aberrations do not degrade
the Cherenkov angle resolution by more than 5%, we require that the spot size is below 2.5
mm. If the spot size is larger than 2.5 mm further analysis is required to understand the
types of aberrations which exist and their contributions to the spot size. This can be done
by analyzing the wavefront and determining the magnitudes of the Zernike coefficients.

5-87



Figure 5.68: Variation of the Cherenkov angle resolution per track for different spot sizes
(mm) and different aberrations. The upper left plot shows the effects of the focus term Z4

(squares) and primary spherical aberration term Z9 (triangles). Upper right plot shows the
effects of the comax term Z7 (squares) and comay term Z8 (triangles). Bottom plot shows
the effects of the secondary astigmatismx term Z12 (squares) and secondary astigmatismy

term Z13 (triangles). In all plots, the circles correspond to random variations.
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5.7.1.2 Photon Detector Simulations

The choice of photodetector (MAPMT or HPD) depends very much on performance, ease
of implementation, and cost. We have simulated the BTeV RICH using both MAPMT and
HPD photodetector configurations. The simulation includes all geometric effects, quantum
efficiency, collection transmission and reflection. In addition to simulating both the MAPMT
and HPD systems, we also considered using or not using an acrylic window in front of the
photon detectors. The acrylic window absorbs UV photons which would otherwise pass
through the HPD’s quartz window. Since UV photons suffer from large chromatic error,
this degrades the resolution per photon. Even though the Cherenkov resolution per track
is compensated by the increase in the number of detected photons, the pattern recognition
becomes more difficult, so it is advantageous to reject the large number of poorly measured
UV photons. Table 5.6 shows that the two systems provide comparable Cherenkov angle
resolution (bottom line of the table).

5.7.1.3 Occupancy of the gas RICH photon detectors

The RICH electronic readout has to be designed keeping in mind the expected data rates
in the different regions. In particular, we need to be able to read out the expected high
rate of data in the most intense regions close to the beam pipe. This puts strong demands
on the electronics and the speed of the readout. In the following, we simulate the expected
number of photons in the FE hybrid boards for beam crossings containing 1 bb̄ event and
either 2 or 6 minimum bias events per crossing. Since the pixel size and number of channels
per FE hybrid board are similar for the MAPMT and for the HPD options, the results are
representative for both systems. These numbers of minimum bias events correspond to the
mean numbers expected at an instantaneous luminosity of 2× 1032 cm−2 s−1 for 132 ns and
396 ns operation of the Tevatron.

Figures 5.69(a) and 5.69(b) show the mean number of hits per bunch crossing for each
FE hybrid board. Each tower corresponds to a single FE Hybrid.

Figures 5.70(a) and 5.70(a) show the distribution of the number of hits in a bunch
crossing summed over the 10 hottest FE hybrid boards. The FE boards have a mean of
17.5 photons per bunch crossing with an RMS of 16.6 and a maximum of 97 photons, when
the luminosity corresponds to 2 interactions per bunch crossing. The same numbers at a
luminosity corresponding to 6 interactions per bunch crossing are 51.2, 23.9 and 130 photons
per bunch crossing.

Figures 5.71(a) and 5.71(a) show the distribution of the number of hits in a bunch crossing
summed over the 10 FE hybrids with “medium” activity. Here, we define “medium” as an
average of one-third the mean activity of the hottest hybrids. These FE hybrids have a mean
of 5.9 photons per bunch crossing with an RMS of 7.2 and a maximum of 58 photons, when
the luminosity corresponds to 2 interactions per bunch crossing. The same numbers at a
luminosity of 6 interactions per bunch crossing result in a mean of 16.9 photons, an RMS of
11.8 photons and a maximum of 78 photons per bunch crossing.
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Zernike Coefficients Radial Angular

Z1 1.0 1.0
Z2 ρ cos(θ)
Z3 ρ sin(θ)
Z4 2ρ2 − 1 1.0
Z5 ρ2 cos(2θ)
Z6 ρ2 sin(2θ)
Z7 (3ρ2 − 2)ρ cos(θ)
Z8 (3ρ2 − 2)ρ sin(θ)
Z9 6ρ4 − 6ρ2 + 1 1.0
Z10 ρ3 cos(3θ)
Z11 ρ3 sin(3θ)
Z12 (4ρ2 − 3)ρ2 cos(2θ)
Z13 (4ρ2 − 3)ρ2 sin(2θ)
Z14 (10ρ4 − 12ρ2 + 3)ρ cos(θ)
Z15 (10ρ4 − 12ρ2 + 3)ρ sin(θ)
Z16 20ρ6 − 30ρ4 + 12ρ2 − 1 1.0
Z17 ρ4 cos(4θ)
Z18 ρ4 sin(4θ)
Z19 (5ρ2 − 4)ρ3 cos(3θ)
Z20 (5ρ2 − 4)ρ3 sin(3θ)
Z21 (15ρ4 − 20ρ2 + 6)ρ2 cos(2θ)
Z22 (15ρ4 − 20ρ2 + 6)ρ2 sin(2θ)
Z23 (35ρ6 − 60ρ4 + 30ρ2 − 4)ρ cos(θ)
Z24 (35ρ6 − 60ρ4 + 30ρ2 − 4)ρ sin(θ)
Z25 70ρ8 − 140ρ6 + 90ρ4 − 20ρ2 + 1 1.0
Z26 ρ5 cos(5θ)
Z27 ρ5 sin(5θ)
Z28 (6ρ2 − 5)ρ4 cos(4θ)
Z29 (6ρ2 − 5)ρ4 sin(4θ)
Z30 (21ρ4 − 30ρ2 + 10)ρ3 cos(3θ)
Z31 (21ρ4 − 30ρ2 + 10)ρ3 sin(3θ)
Z32 (56ρ6 − 105ρ4 + 60ρ2 − 10)ρ2 cos(2θ)
Z33 (56ρ6 − 105ρ4 + 60ρ2 − 10)ρ2 sin(2θ)
Z34 (126ρ8 − 280ρ6 + 210ρ4 − 60ρ2 + 5)ρ cos(θ)
Z35 (126ρ8 − 280ρ6 + 210ρ4 − 60ρ2 + 5)ρ sin(θ)

Table 5.5: Wavefront expansion in terms of Zernike’s coefficient.
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Table 5.6: Results on the Cherenkov angle resolution (in mrad) from simulations of the
MAPMT and HPD systems. We consider two cases: on the left we show the scenario where
we use an acrylic window in front of the photon detectors (baseline) and on the right we
show the results when the acrylic window is absent.

Resolution Resolution (mrad) Resolution (mrad)
Type with Acrylic Window without Acrylic Window

Photon detector HPD MAPMT HPD MAPMT
Total σθ per photon 0.84 0.83 1.46 0.88
Segmentation Error 0.45 0.51 0.45 0.51
Chromatic Error 0.52 0.44 1.42 0.51

Emission Point Error 0.49 0.49 0.49 0.49
Recon #Photons/Track 50.3 52.0 161.8 61.8

Total σθ per track 0.118 0.115 0.116 0.111
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Figure 5.69: The mean number of hits per bunch crossing in FE hybrid.

5-91



2 int / bunch xing

10 hottest HPDs
Mean

RMS

  17.48

  16.63

E
nt

rie
s

0

2000

4000

6000

8000

10000

0 20 40 60 80 100 120 140 160

(a)

6 int / bunch xing

10 hottest HPDs
Mean

RMS

  51.21

  23.93

E
nt

rie
s

0

50

100

150

200

250

300

350

400

0 20 40 60 80 100 120 140 160

(b)

Figure 5.70: The distribution of the number of hits in a bunch crossing summed over the 10
hottest FE hybrids.
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Figure 5.71: The distribution of the number of hits in a bunch crossing summed over a set
of 10 FE hybrids with “medium” activity. These have an activity of 0.33 times the average
activity of the 10 hottest FE hybrids.
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5.7.1.4 Simulations of Data Readout

The RICH MAPMTs are mounted to 23 supporting bars on each side. Signals from 8
MAPMTS in 4×2 array are collected by one front end hybrids (FEH) and passed to a Front
End Multiplexer (FEM) board. Each FEM board serves up to 4 FEHs (a group of 32
MAPMT). The digitized data are transmitted ∼10-20 meters to a Data Combiner Board
(DCB) via copper cables.

The high event rate requires that these cables transfer data at very high speed. The
baseline design uses high speed point to point differentially driven serial lines. Each cable
contains 4 twisted pairs. They provide for a reference clock (refclk) of 7.5 MHz, a beam
crossing time and control data line (T/C link), and two pairs for event data. Each pair
transfers data at 63.6 MByte/s and the data is encoded in the 8B10B format to balance the
current.

The expected occupancy of the MAPMT has a strong dependence on location in the
detector. We simulate the occupancy using BTeVGeant with two interactions per bunch
crossing. The highest occupancy 32-MAPMT group registers ∼39.1 hits per bunch crossing
on average, whereas the mean number of hits per group is 3.4. The electronics of the MAPMT
readout is expected to have a noise level below 1%. Assuming a 1% noise occupancy, the
mean numbers of hits are 43.8 per bunch crossing for the highest-occupancy group and 8.5
when averaged over all groups.

The total number of bits to be transferred includes 18 bits per hit to uniquely identify
a MAPMT channel and 2-3 additional words to indicate the event ID or bunch crossing
number. The non-uniformity of the occupancy distribution across the detector implies a
location-dependent number of readout cables. Some areas may require as few as 2, whereas
the highest-occupancy areas may require as many as 8. Taking into account data transfer
speeds, we estimate that 534 of such cables are needed to move data in the RICH MAPMT
system, which includes a 20% overhead.

With this cable arrangement, we study the data flow between the FEMs and DCBs. We
randomly pick up events from of a pool of 14,000 events fully simulated using BTeVGeant
(with 1% noise). Each FEM is assumed to have an 128-Kbit FIFO memory chip. We
simulated 10 million successive bunch crossings and observe no memory overflow. The final
size may be much bigger than this if necessary.

Since the Tevatron accelerator will continue to run with 396 ns between beam crossings
(mean of 6 interactions per crossing at L = 2 × 1032 cm−2s−1), we simulated this scenario
as well. This reduces the burden on data transfer, assuming the noise level remains at 1%.
For some of the low occupancy groups, 1 readout cable per group will be enough to transmit
the data in a single crossing. In total we estimate that we will need 428 such cables for the
RICH MAPMT system.

5.7.2 Signal Simulations

Simulations of detector design must ultimately feed into simulations of physics signals. Here
we present studies that have been performed to demonstrate the effectiveness of the RICH
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detector. For further physics simulations, see Part 2 in the BTeV Proposal Update [16]. For
historical reasons, all simulations are run at 2 interactions/crossing. For one of the critical
decay modes, we compare the RICH performance at 2 and 6 interactions per crossing. It
should be realized that 6 interactions/crossing is only the starting value, with the average
rate closer to 3 interactions/crossing.

5.7.2.1 Tagging Performance

In addition to the issue of resolution, the performance of the RICH will depend on other
details such as occupancy and the degree to which Cherenkov rings overlap. A realistic
simulation of efficiency and fake rates must take into account ambiguities in track-photon
assignment. Since photons from the liquid radiator and the gas radiator fall on separate sen-
sor arrays, the Cherenkov rings from the two radiators do not produce additional ambiguity
in the pattern recognition.

We have analyzed simulated data with an algorithm which could be applied to real data.
The reconstruction is performed in two steps. In the first pass, all hits within ±3σ of a
mass hypothesis are included in the per track average, excluding those hits which are within
±3σ of the pion hypothesis for any other track. The second pass is essentially the same
except that instead of assuming that all tracks are pions in the hit exclusion, the most likely
mass hypotheses based on the first-pass results are used. To discriminate between two mass
hypotheses for the same track (e.g. K or π) we compute the likelihood ratio expressed as a
χ2 difference:

∆χ2
Kπ = −2 log(Lπ/LK) (5.3)

with,

Lh = P (Nh|N exp
h )G(θtrk h|θexph ). (5.4)

Here P (Nh|N exp
h ) is the Poisson probability for observing Nh photons within ±3σ of this

hypothesis when N exp
h are expected, and G(θtrk h|θexph ) is the Gaussian probability density

for obtaining the Cherenkov angle (per track) θtrk h for given mass hypothesis h when θexph is
expected. The expected photon yield includes acceptance corrections and losses due to the
Cherenkov ring overlaps. For a given cut value on the ∆χ2

Kπ we obtain values for efficiency
and fake rate.

To illustrate the performance of the C4F10 system we show in Fig. 5.72 (left) the simu-
lation of Bd → K±π∓ background rejection as a function of Bd → π+π− efficiency, and in
Fig. 5.72 (right) the efficiency for detecting the K− in the decay Bs → D+

s K
− versus the

rejection of the π− in the decay Bs → D+
s π

−. These simulations include photon conversions
and other backgrounds. We see that high efficiencies can be obtained with excellent rejection
rates.

The gas radiator will also play a significant role in lepton identification as electrons below
22 GeV/c and muons below 15 GeV/c are separated by more than 4σ from pions. Since
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Figure 5.72: (left) Cross-efficiency of particle identification system for Bd → K±π∓ as a
function Bd → π+π− PID efficiency. (right) The efficiency to detect the fast K− in the
reaction Bs → D+

s K
− versus the rate to misidentify the π− from Bs → D+

s π
− as a K−. The

efficiencies are defined relatively to number of events with both tracks entering the RICH
detector. The Monte Carlo simulation included on average two minimum bias interactions
in addition to the bb̄ production.

the RICH acceptance is much larger than the calorimeter and muon system a great deal of
efficiency is added.

To demonstrate the performance of the liquid radiator, we have analyzed Monte Carlo
samples of bb̄ events to determine the efficiency and misidentification probability for kaons
with momenta less than 9 GeV/c. These are significant in kaon flavor tagging because of
the large number of protons which are produced at the interaction point. Background cross-
efficiency, in this case the identification of a proton as a kaon, is plotted as a function of
kaon efficiency in Fig. 5.73. Again, we find that high efficiencies are obtained with relatively
low fake rates.

5.7.2.2 Simulations at 2 and 6 Interactions per Crossing

Simulations in the original BTeV proposal [13] were done assuming a luminosity of 2 ×
1032 cm−2s−1 with a 132 ns bunch crossing interval, which corresponds to a Poisson mean
of 2 interactions per bunch crossing. Current plans are [17] that the Tevatron will run with
a bunch spacing of 396 ns, corresponding to 6 interactions per bunch crossing. Examples
of detected Cherenkov images for 6 minimum bias events added to a bb̄ event are shown
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Figure 5.73: Proton fake-rate as a function of kaon identification efficiency for tracks with
momenta <9 GeV/c.

in Figs. 5.74-5.75. The effect of this change in running conditions has been simulated and
compared to the original assumption of 2 interactions per bunch crossing.

To investigate this, we considered the decay BS → D±SK
∓, DS → φπ, φ → K+K− as a

benchmark physics state needing good performance from the RICH for K − π separation to
measure the CKM angle γ (and possible time-dependent CP violating effects).

This decay has three charged kaons and one charged pion in the final state. We require
positive identification of the kaon from the BS and at least one of the two kaons from the φ
decay. The analysis is identical to that in the proposal [13], with the addition of the charged
particle identification by the RICH.

We generated signal and minimum bias events using Pythia [18]. The only requirements
for the signal events were that the 4 tracks (3 kaons and 1 pion) were in the BTeV detector
acceptance (10mrad ≤ θ < 300mrad) and the DS decay length was greater than 1 cm.
These events are then passed through the BTeVGeant detector simulation package. Different
simulations corresponding to exactly 0, 1, 2, . . . , 10 minimum bias events per signal event
were performed, and each was analyzed separately.

We look to quantify the change in the RICH performance in going from a mean of 2
interactions per crossing to 6 interactions per crossing. One important measure is to compare
the difference in the negative log-likelihoods for the kaon and pion hypotheses (χ2

K − χ2
π)

for the kaons and pions in the decay BS → D±SK
∓. These log-likelihoods are shown in

Fig. 5.76(a) for 0, 1, 2 minimum bias events per bunch crossing and Fig. 5.76(b) for 7, 8, 9
minimum bias interactions per bunch crossing.

It is clear that separation between kaons and pions is degraded as the number of minimum
bias events becomes large. The above chi-squared plots can be converted into an efficiency
vs fake rate curve as shown in Fig. 5.77. In addition, a few of the other distributions were
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Figure 5.74: Cherenkov rings from the gas radiator detected in the HPD arrays as simulated
for a B → π+π− event with six minimum bias interactions in the same bunch crossing. The
Cherenkov hits for the pions from the B decay are highlighted. Compare with Fig. 5.2 for
two minimum-bias interactions.

studied and two of them – the reconstructed BS and DS masses are shown in Figs. 5.78(a)
and 5.78(b).

To determine the effect on the RICH tagging, we weight the events containing different
numbers of minimum bias events according to Poisson distributions with means of 2.0 and
6.0 interactions per bunch crossing. Let us define εimin to be the efficiency for tagging both
the kaon from the Bs decay and at least one of the kaons from the φ decay for a given value of
imin, the number of minimum bias events per signal event in the sample. These efficiencies
are normalized to the case of imin =0. The distribution is then fit to an exponential function
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Figure 5.75: Cherenkov rings from the liquid radiator detected in the PMT arrays as sim-
ulated for a kaon tagged B event with six minimum bias in the same bunch crossing. Hits
belonging to the same track are connected. The Cherenkov hits for the tagging kaon are
connected by a thick line. Compare with Fig. 5.3 for two minimum-bias interactions.
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Figure 5.76: χ2
K−χ2

π → The difference in the negative log-likelihoods for the kaon and pion
hypotheses.

(of the form exp(constant + slope × x)) to obtain values for εimin at each value of imin.
The distributions for εimin are shown in Fig. 5.79(a) and Fig. 5.79(b).

To obtain efficiencies for averages of 2 and 6 interactions, we convolute εimin with corre-
sponding Poisson distributions having these mean values. Since we are primarily concerned
with the change in performance in going from 2 interactions to 6 interactions per crossing
on average, we compute a relative efficiency, εrel, defined by:

εrel =

∑

εimin ∗ Poisson(6.0, imin)
∑

εimin ∗ Poisson(2.0, imin)

where,

Poisson(µ, n) =
µn exp(−µ)

n!

After convolution, we find εrel = 0.90 if we require only one of the kaons from the φ to
be tagged. If we require both kaons to be tagged, we find εrel = 0.76. Hence, even with a
tight tagging requirement, a mean of 6 interactions per crossing still yields 76% of the value
obtained for 2 interactions per crossing. We therefore conclude that the RICH will effectively
separate kaons from pions, even at 6 interactions per bunch crossing. The performance is
∼25% better at 2 interactions per bunch crossing. Again, it is important to note that we
will only be running at 6 interactions per crossing at the beginning of the run; the average
will be closer to 3 interactions per crossing, in which case we only lose 5% in relative tagging
efficiency for the default analysis. Even with the more stringent requirement that both kaons

5-99



0, 1, 2 minimum bias events

7, 8, 9 minimum bias events

Kaon efficiency

P
io

n 
fa

ke
 r

at
e

0

0.2

0.4

0.6

0.8

1

0 0.2 0.4 0.6 0.8 1

Figure 5.77: Curve for the kaon efficiency versus pion fake rate, for kaons and pions from
BS decays.
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Figure 5.78: The BS and DS mass distributions for the selected events, after the full event
reconstruction.

from the φ decay (as well as the kaon from the Bs) be identified, we only incur a 12% relative
loss in efficiency.
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Figure 5.79: The scaled efficiency ( εimin) distributions, both fitted to exponentials as
mentioned in the text.
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